Charles University

Faculty of Science

Study programme: Plant Anatomy and Physiology

Mgr. Michal Danék

Characterization of Arabidopsis thaliana FLOTILLINs and HYPERSENSITIVE
INDUCED RESPONSE proteins — dynamics, interactions and functions

Charakterizace FLOTILLING and HYPERSENSITIVE INDUCED RESPONSE

proteinti u Arabidopsis thaliana — dynamika, interakce a funkce

Doctoral thesis

Supervisor: RNDr. Jan Martinec, CSc.

Prague, May 2019






DECLARATIONS

I hereby declare that this Ph.D. thesis documents my own work and I wrote it independently.
This work or any substantial part of the text is not a subject of any other defending procedure.

I declare that all used sources were cited and acknowledged properly.

Prague, June 2019

Michal Danék

On behalf of other co-authors, I declare that Michal Dan¢k has substantially contributed to all
selected publications and I agree with the fact that these articles are presented as an integral part
of this Ph.D. thesis. The publications were created by collectives of authors and the participation

of the author of this thesis is specified below.

Prague, June 2019

Jan Martinec



ACKNOWLEDGEMENTS

First I would like to thank my supervisor Jan Martinec for leading me for seven years through not
always easy paths of the research, for his valuable advice and comments on my work and also for
giving me the chance to visit several conferences and meet new people and see beautiful places
there. Great thanks goes also to Jan Petrasek for introducing me into the world of microscopy and
the supervision over the microscopic part of this thesis. I would like to thank all my current and
former colleagues from the Laboratory of Signal Transduction of the Institute of Experimental
Botany who were the source of inspiration and sometimes moral support for me. Special thanks
are reserved for Enric Zelazny and Amanda Martin Barranco from the Institute for Integrative
Biology of the Cell, France for creating welcoming and friendly environment where I could learn
some methods during two stays. Last bud certainly not least [ want to thank my friends and family

who were standing by me for so long,.



FUNDING

Majority of the results presented here were achieved at the Institute of Experimental Botany,
Czech Academy of Sciences, Prague, Czech Republic. Some works were carried out within a
close collaboration with the Department of Biochemistry and Microbiology, University of
Chemistry and Technology, Prague, Czech Republic. Based on shared research interest a new
collaboration was established with the group Cell Signalling and Ubiquitin at the Department of
Cell Biology, Institute for Integrative Biology of the Cell (I2ZBC), CNRS/CEA/University Paris-
Sud, Gif-sur-Yvette, France, thanks to which Michal Danék realized two short-term internships

in the laboratory abroad.

Following grants helped the realization of the research presented in this thesis

14-096855 — Czech Science Foundation

7AMBI17FR005 — Programme Barrande for Czech-French collaboration — Ministry of Education,
Youth and Sports of CR; French Ministry for Europe and Foreign Affairs, and French Ministry

of Higher Education, Research and Innovation

209 CZ.02.1.01/0.0/0.0/16_019/0000738 — Ministry of Education, Youth and Sports of CR from

European Regional Development Fund-Project "Centre for Experimental Plant Biology™"
CZ.2.16/3.1.00/21519 — operational program Prague — competitiveness

LM2015062 (Czech-Biolmaging) — Ministry of Education, Youth and Sport



Contents

00 T 01 =] L 0
List Of ADBreviations........coveiiiiiiiiiiniiiiiiriner e 1
Y o 3
Y o 4
41T 10T ot o o N 5
SPFH proteins Not oNnly in PIAaNtS .........eeeeeei s 5
[ T 1< o 200 R PP PPPPN 8
Plasma membrane structure and dynamics mainly in plants...............ccccco 33
Plasma membrane micro/nanodomains in Plants ...........oocevvveeiieeiiiiiiiiieeeeeee e 36
AIMS aNd QUESTIONS .....uuueeiiiieieiiiitreiiire e as s s as e s s sase e s s s aanesssanns 37
RESUILS ..ttt s s 39
(o T 1< g 207 OO 40
o T L= -2 S ORI 53
Manuscriptof the Paper# 4 ... 72
DisCUSSION AN PEISPECLIVES ......ceeeeieriiiiirirrirerrersieseserssssssssssssssssssssssssssssssssssssssssssssssssssssssnas 127
Lack of phenotype in single loss-of-function mutants of AtFLOTs..............oooeiiiil. 127
INtEractomMe Of ALFLOT2 ..ooiiiiiieeiiiiiee ettt ettt e sttt e s e e s aneeeees 129
Differences between AtFLOT and AtHIR behaviour at the plasma membrane .................. 131
Cytoskeleton roles in AtFLOT and AtHIR localization and dynamics........cccceeeeeeeeiiiccicicnnn. 132
Low mobility of plasma membrane proteins..........cccccciiiiii 133
Cell wall interaction with AtFLOT2 and AtHIRL....ccoviiiiiiiiiiiieiieiieeee e 134
(00013 Yo (1T Ty T 137
32T =T =T T = 139



List of Abbreviations

Only a protein family name is explained here if more than one isoform is mentioned in the text.

ABA - abscisic acid

ABCG36 - ABC TRANSPORTER G FAMILY MEMBER 36
ABI1 - PROTEIN PHOSPHATASE 2C 56

AHA1 - H(+)-ATPASE 1

AMT3;1 - AMMONIUM TRANSPORTER 3;1

AP2 - ADAPTOR PROTEIN 2

BIK1 - BOTRYTIS-INDUCED KINASE 1

BMM - Botrytis cinerea BMM

BRII - BRASSINOSTEROID INSENSITIVE 1

BSKI1 - BRASSINOSTEROID-SIGNALING KINASE 1
CESA - cellulose synthase

CLC2 - CLATHRIN HEAVY CHAIN 2

CPK21 - CALCIUM DEPENDENT PROTEIN KINASE 21
CRAC - cholesterol recognition/interaction amino acid consensus sequence
CV - coefficient of variation

CW - cell wall

DCB - 2,6-dichlorobenzonitrile

DRM - detergent-resistant membranes

DRP - dynamin-like protein

EGCG - epigallocatechin gallate

elf18 - acetylated 18-amino acid fragment from N-terminal of elongation factor Tu
ERD4 - EARLY RESPONSE TO DEHYDRATION 4

flg22 - 22-amino acid peptide from N-terminal part of flagellin
FLOT - flotillin

FLS2 - FLAGELLIN-SENSITIVE 2

FRAP - fluorescence recovery after photobleaching

GFP - green fluorescent protein

GPI - glycophosphatidylinositol

HIR - hypersensitive induced reaction protein

IRT1 - IRON-REGULATED TRANSPORTER 1

ISX — isoxaben



KAT1 - POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA 1
KOR1 - KORRIGAN 1

LTI6b - LOW TEMPERATURE-INDUCED PROTEIN 6B
LYK3 - LYSIN MOTIF RECEPTOR-LIKE KINASE 3
MT - microtubule

MyoB1 - MYOSIN-BINDING PROTEIN 1

NAA - 1-naphthalene acetic acid

NHL3 - NDR1/HIN1-LIKE PROTEIN 3

NOX - NADPH oxidase

PALM - photoactivated localization microscopy

PCC — Pearson’s correlation coefficient

PHOT1 - PHOTOTROPIN 1

PI4P - phosphatidylinositol 4-phosphate

PIN - PIN-FORMED

PIP - plasma membrane intrinsic protein

PM - plasma membrane

POM2 - CELLULOSE SYNTHASE-INTERACTIVE PROTEIN 1
Pst - Pseudomonas syringae pv. tomato strain DC3000
RabG3F - RAB GTPASE HOMOLOG G3F

RbohD - RESPIRATORY BURST OXIDASE D

REM - remorin

ROP - Rho of Plants GTPase

SLACI1 - SLOW ANION CHANNEL-ASSOCIATED 1
SLAH3 - SLAC1 homologue 3

SPFH - stomatin/prohibitin/flotillin/HfIK/C

STED - stimulated emission depletion

STORM - stochastic optical reconstruction microscopy

stp - single particle tracking

SUT1 - SUCROSE TRANSPORTER 1

SYP71 - SYNTAXIN 71

TIRF/VAEM - total internal reflection fluorescence/variable angle epifluorescence
TWDA40-2 - TRANSDUCIN/WD40-2

VHA-al - V-TYPE PROTON ATPASE SUBUNIT Al

YFP - yellow fluorescent protein



Abstract

This work is a collection of three research articles and one review article focused on flotillins
(FLOTs) and hypersensitive induced reaction proteins (HIRs) in Arabidopsis thaliana. FLOTs
and HIRs are closely related membrane-associated proteins forming two subfamilies both
belonging to SPFH domain superfamily. While FLOTs are present in organisms of all
evolutionary lineages HIRs are plant specific proteins. The review article sums up the knowledge
gained on FLOTSs and HIRs from different organisms in terms of cellular localization, interaction
with cellular membranes and with other proteins, and physiological functions. The research
articles were targeted at three aspects of AfFLOTs and AfHIRs: involvement in response to
exogenous stimuli; determination of protein interactors; and subcellular localization and
dynamics. The first aspect was approached by transcription measurement of AtFLOTs and
phenotypic screen of single loss-of-function mutants of A¢FLOTs upon various treatments
covering biotic and abiotic stress and phytohormone application. Although we observed changes
in transcription none of the treatments provoked a phenotype manifestation in any of AtFLOT
mutants. In the second article we focused on interactome of AfFLOT2 and performed co-
immunoprecipitation followed by mass spectrometry determination of co-precipitated proteins.
Several proteins involved in cellular transport, water stress or plant pathogen interactions were
revealed and direct interaction of AfFLOT?2 with some of them was verified using split-ubiquitin
system. These interactors point to the possible physiological functions of A(FLOT2. The
manuscript of the third article covers the investigation of localization and dynamics patterns in
all isoforms of AfFLOTSs and AfHIRs. We present general plasma membrane localization for both
subfamilies with one exception where the protein is associated exclusively with the tonoplast.
However, the presence of a minor tonoplast pool accompanying the predominant plasma
membrane localization is shared among some other isoforms as well. At the plasma membrane
the signal of both AtHIRs and AfFLOTs is clustered in membrane microdomains. These
microdomains are very stable over time, especially in AfFLOTs. Despite the overall immobility
revealed by FRAP approach for both subfamilies, a slightly higher dynamics was measured for
AtHIRs. Proteins from the both groups are restricted from linear patterns within the plasma
membrane, so called corrals. We found these corrals to align with microtubules, however the
disruption of cytoskeleton did not induce any change of AfFLOT or AtHIR localization. Finally,
we observed an increase in mobility in AtHIR1 upon pharmacological inhibition of cellulose
synthesis and the same effect was also observed under partial enzymatic cell wall digestion in
AtHIR1 and AtFLOT2. Altogether our findings suggest that plasma membrane microdomain
localized FLOTs and HIRs interact with the cell wall which decreases their mobility. This
interaction may be important for the communication events at the interface between the cell and
its environment. AfFLOTs may be involved in these events, especially in process like plant-
pathogen interaction or water stress, which is suggested by the physiological functions of protein

interactors of AfFLOT2 and transcription responses of A¢FLOTs to such stimuli.



Abstrakt

Predkladana prace zahrnuje tfi ptivodni ¢lanky a jeden ¢lanek piehledovy zaméfené na tematiku
flotillind (FLOT) a hypersensitive induced reaction proteini (HIR) u Arabidopsis thaliana. FLOT
a HIR jsou pfibuzné rodiny proteind asociovanych s membranami, které nalezeji do nadrodiny
proteini s SPFH doménou. Zatimco FLOTYy jsou pfitomné u organismi vSech evoluénich linii,
HIRYy se specificky vyskytuji jen u rostlin. Piehledovy ¢lanek sumarizuje poznatky o FLOTech a
HIRech z riznych organismi, pfedev§im s ohledem na jejich bunénou lokalizaci, interakci
s membranami, interakci s ostatnimi proteiny a na jejich moznou funkci. Prezentované ptivodni
clanky sledovaly tfi sméry zkoumani A(FLOTu a AfHIRG: zapojeni do reakci na exogenni
podnéty; nalezeni proteinovych interakénich partneri; a vnitrobunéénou lokalizaci a popis
dynamiky téchto proteinti. Prvni pfistup spocival v méfeni transkripce a sady fenotypovacich
pokust provedenych na deletantech pro jednotlivé AzFLOT pii oSetfenich biotickym a abiotickym
stresem a fytohormony. Byly zjistény zmény v transkripci, nicméné jsme nepozorovali Zadny
meéfitelny fenotypovy projev u deletanti AtFLOT, ktery by se lisil od uc¢inku oSetieni na divoky
typ. V druhém ¢lanku jsme se zaméfili na interaktom A/FLOT2 a pomoci koimunoprecipitace a
nasledné hmotnostné spektrometrické analyzy jsme nalezli mozné interaktory AtFLOT2. Mezi
nimi byly zejména proteiny s transportni funkci a dale proteiny zapojené v reakci rostliny na atok
patogenti. U nékterych proteinti byla pomoci split-ubiquitin kvasinkového systému potvrzena
piima interakce s AfFLOT2. Nalezené interaktory mohou byt voditkem pro odhaleni funkce
AtFLOT2. Ve tfetim ¢lanku (prezentovaném jako submitovany rukopis) jsme pozorovali
bunéénou lokalizaci a dynamiku v§ech isoforem AfFLOTu a AfHIRU. VSechny isoformy se aZ na
jednu vyjimku, ktera lokalizovala pouze do tonoplastu, vyskytovaly na plasmatické membrang.
Minoritni pool na tonoplastu doprovazejici prevladajici lokalizaci na plasmatické membrané se
vSak vyskytoval i u jinych isoforem. Na plasmatické membrané se A(FLOTy a ArHIRy
vyskytovaly agregovany v mikrodoménach. Tyto mikrodomény byly velmi stabilni v Case,
zejména u AtFLOTU, AfHIRy byly mirné, avSak signifikantn€ mobilnéjsi. Proteiny obou skupin
chybély v linedrnich oblastech vramci plasmatické membrany, tzv. koralech, které
kolokalizovali s mikrotubuly. Destabilizace mikrotubulil i aktinového cytoskeletu vsak nevedla
ke zméné charakteru lokalizace AfFLOTu ani AfHIRG. ZvySeni mobility bylo pozorovano u
AtHIR1 pfi inhibici syntézy celul6zy a stejny efekt méla i enzymatickd degradace bunécné stény,
kterd vedle AfHIR1 zvysila i lateralni mobilitu 4fFLOT2. V souhrnu nase vysledky ukazuji, ze
AtFLOTy a AfHIRy lokalizované v mikrodoménach na plasmatické membrane interaguji
s bunécnou sténou, kterd omezuje jejich mobilitu. Tento vztah miize hrat roli v komunikaci
odehravajici se na rozhrani plasmatické membrany a bunécné stény. AfFLOTy se mohou na
takovych déjich podilet, zejména na reakcich rostliny na vodni stres nebo setkani s patogenem,
coz naznacuji zmény transkripce AfFLOT1 v takovychto podminkach, stejné€ jako fyziologické

pusobeni proteinil interagujicich s AfFLOT2 nalezenych v nasi studii.



Introduction

The proposed work deals with Arabidopsis thaliana members of two closely related protein
subfamilies — flotillins (FLOT) and hypersentitive induced response (sometimes referred also as
hypersensitive induced reaction) proteins (HIR) belonging to stomatin/prohibitin/flotillin/
HfIK/C (SPFH) domain superfamily (also known as Band 7 domain or PHB (prohibitin)
superfamily). As stated in the thesis title, three directions were followed to describe the studied
proteins. Three original research papers (one in the form of resubmitted manuscript) are thus
presented within the frame of the thesis, focused on (i) phenotypic analysis of single isoform loss-
of-function mutants of FLOTSs under abiotic and biotic stresses, (ii) determination of interactors
of FLOT2, and (iii) the description of FLOT and HIR behaviour at the plasma membrane (PM).
The research articles are introduced by a review article which was composed at the beginning of
the project in order to clarify and arrange current knowledge and findings already published in
literature. After the review article at the end of the Introduction chapter a sum of information
concerning the topic of PM and microdomains is presented to provide the context and background
for the topic of the presented work and to describe some common features in proteins sharing

with FLOTs and HIRs similar localization pattern.

SPFH proteins not only in plants

In plants, SPFH protein superfamily is represented by prohibitins, stomatins, flotillins, erlins and
HIRs (Di et al., 2010). Conserved SPFH domain (ca 200 aa) is found also in protein subfamilies
that do not occur in plants, such as metazoan podocin or bacterial HfIK and HfIC proteins (Rivera-
Milla et al., 2006). On the contrary, HIRs are plant-specific SPFH proteins with homologs found
also in Haptophyta (Rose et al., 2014, Shi et al., 2015). Three isoforms of FLOT and four isoforms
of HIR among total seventeen SPFH proteins were discovered in 4. thaliana genome (Figure 1,
(Gehl and Sweetlove, 2014, Di et al., 2010)). AfFLOT1 and AtFLOT?2 are of tandem duplication
origin which is why they are in some papers referred as AfFLOT1a and A/FLOT1b (Jarsch et al.,
2014, Yu et al., 2017), however within this thesis the 4tFLOT/4AfHIR nomenclature is applied as
depicted in Figure 1.

Despite the vast range of processes in which mammalian FLOTs were described to take
part, plant isoforms remain still rather poorly characterized. On the other hand, more extensive
knowledge, mainly on PM localization, induction of expression or interaction with leucine-rich

repeat proteins during pathogen attack, is available for HIRs of several species. In order to deduce
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possible processes and function in which plant FLOTs might be implicated we compared plant
and mammalian FLOT homologs as well as summarized the published findings on HIRs from

various species in the following review article.

so—At2g20530 PHBG6

87|l At4g28510 PHB1
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Figure 1: Cladogram of SPFH protein family of Arabidopsis thaliana. Flotillins are closely related
to HIRs while proteins with mitochondrial localization — prohibitins and stomatins — form a
distinct clade. PHB - prohibitin, SLP -stomatin, ELP — erlin, HIR - hypersensitive induced response
protein, FLOT - flotillin. Adapted from Gehl and Sweetlove, 2014.

Since the time the review was published some new findings replenishing the information
provided in the article have been gained. Importantly, 4/FLOT1 was found to bind AfFLOT3 by
its C-terminal domain, while N-terminal SPFH domain was not able to provide the interaction
(Yu et al., 2017). This heterooligomerization of FLOT isoforms is known to be vital for stability,
proper trafficking and functioning of the two mammalian FLOTs (Babuke et al., 2009, Solis et
al., 2007) and was also reported for AfHIRs where all four isoforms are able to form pairwise

heterooligomers (Qi et al., 2011) as well as for apple MdHIR4 which binds other three MdHIR



isoforms (Chen et al., 2017). AfHIR1 was also reported to form homo- mono- up to penta-mers
(Lv et al., 2017b). Increasing number of evidence has been collected on the role of AfFLOT]1 in
clathrin-independent endocytosis of PM-localized transporters or enzymes (Wang et al., 2013,
Hao et al., 2014, Li et al., 2011) as well as receptor-like kinases which is promoted under their
ligand recognition and that is further followed by FLOT-assisted endocytosis of the kinase (Wang
et al., 2015, Cui et al., 2018). This is reminiscent of metazoan FLOT action where internalization
of activated Epidermal Growth Factor Receptor is of the major flotillin functions (Solis et al.,
2012). Similarly, in Medicago truncatula MfFLOT4 colocalizes with activated coreceptor kinase
MILYK3 (Haney et al., 2011), however, an additional membrane microdomain protein

MtSYMREM linteracting with MtFLOT4 is involved in this process (Liang et al., 2018).
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ABSTRACT

Plant stomatin/prohibitin/flotillin/HfIK/C (SPFH) proteins are represented by prohibitins, flotillins,
stomatins, erlins, and hypersensitive induced reaction proteins (HIRs). The purpose of this review is
to summarize the current state of knowledge regarding plant flotillins and HIRs and to assign
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putative functions of plant flotillins and erlins based on the known functions of their mammalian
homologs. Similar to human flotillins, plant flotillins are localized in membrane microdomains, and
involved in endocytosis, and interact with receptor kinases. HIRs play an important role in plant
immunity by promoting the hypersensitive response and binding to leucine-rich repeat proteins. In
this way, they participate in resistance to bacterial or fungal pathogens. We further focused on
flotillins, HIRs, and erlins in Arabidopsis thaliana and, using public databases, described them in
terms of the following: 1) their transcription throughout plant ontogeny and under various
environmental conditions; 2) the presence of conserved domains or characteristic motifs in their
amino acid sequences; and 3) their potential interactions with other proteins. Based on these data,

we hypothesize about their additional functions and properties.

I. Introduction

Cellular membranes provide many indispensable func-
tions and serve as a crucial interface for communication,
signaling, or transport. The membranes are functionally
compartmentalized into distinguishable areas of various
size—i.e.,, macro, micro, and nanodomains (Sekeres
et al., 2015; Zarsky et al., 2009). The lateral discontinuum
of the lipid composition of membranes was originally
reported for sphingolipid-enriched areas preexisting
within Golgi complex membranes that are sorted prefer-
entially to the apical rather than basolateral plasma
membrane in epithelial cells (Van Meer et al., 1987).
A subsequent association of sphingolipid-enriched
membrane areas with glycophosphatidylinositol (GPI)-
anchored proteins containing a sorting signal to the api-
cal plasma membrane was observed (Brown and Rose,
1992). Finally, the term “lipid rafts” was proposed as the
membrane trafficking principle resulting in different
lipid-protein compositions of apical versus basolateral
plasma membrane as well as signaling platform recruit-
ment and clustering of proteins involved in membrane
signaling (Simons and Ikonen, 1997). However, this has
not yet been unambiguously confirmed (Kraft, 2013),

and the term is inappropriate for plant membranes, for
which the terms micro or nanodomains are to be used
instead (Tapken and Murphy, 2015).

The stomatin/prohibitin/flotillin/HfIK/C ~ (SPFH)
domain (also known as prohibitin homology (PHB)
domain or Band_7 domain) protein superfamily com-
prises several types of proteins with different functions
that are found in most evolutionary lineages (Rivera-
Milla et al., 2006). According to their cellular localization
and biological function, the SPFH proteins are distin-
guished in several subfamilies. Metazoan SPFH proteins
include flotillin/reggie (Schulte et al, 1995), stomatin
(Stewart et al., 1993), prohibitin (Nuell ef al., 1991), erlin
(Browman et al., 2006), and podocin (Boute et al., 2000).
The bacterial membrane proteins HfIK and HfIC (Riv-
era-Milla et al, 2006), and vacuolin of Dictyostelium
(Rauchenberger et al, 1997) are also SPFH protein
superfamily members. Most of these proteins form
microdomains in cell membranes. Besides, they are also
enriched in detergent-resistant membrane (DRM) frac-
tion (Browman et al., 2007).

Plant SPFH proteins comprise prohibitins, flotillins,
stomatins, erlins, and the plant-unique hypersensitive

CONTACT Michal Danéek @ danek@ueb.cas.cz e Institute of Experimental Botany, Czech Academy of Sciences, Rozvojova 263, 165 02 Prague, Czech
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induced reaction proteins (HIRs) (Di et al, 2010). SPFH
protein homolog genes were identified in many plant
species, including most common plant models such as
Arabidopsis thaliana, Chlamydomonas reinhardtii, Medi-
cago truncatula, Oryza sativa, Physcomitrella patens,
Populus tremula, and Sorghum bicolor (Di et al., 2010).

In this review, we attempt to summarize the knowledge
acquired for HIRs, erlins, and flotillins. Because very little
information is available for plant erlins and flotillins, we
hypothesize about their putative functions based on current
findings for their mammalian homologs, which play sub-
stantial roles in several essential processes—mainly signaling
events. Plant stomatins and prohibitins, however, are not
included in this review because they were recently reviewed
by Gehl and Sweetlove (2014).

Il. Flotillins—a wide range of functions

Flotillins were first discovered in goldfish (Carassius aur-
atus) retinal ganglion cells (Schulte et al., 1995) and
originally named “reggie” because of their induced
expression during optic nerve regeneration (Schulte
et al., 1997). Independent of the reggie discovery, a DRM
protein found in caveolae membranes in mouse fibro-
blast tissue culture was denoted flotillin (Bickel et al.,
1997). The protein was homologous to a previously
described human epidermal surface antigen (Bickel
et al., 1997; Schroeder et al., 1994).

The Arabidopsis thaliana genome contains three coding
regions for homologs of flotillin (At5g25250, At5g25260,
and At5g64870). The first one was designated AtFlotl
(Borner et al., 2005) or AtFLOT1A (Jarsch et al., 2014), and
the second was designated AtFLOT1B (Jarsch et al., 2014).
For the purpose of this review, we will refer them as follows:
AtFlotl (At5g25250), AtFlot2 (At5g25260), and AtFlot3
(At5g64870). AtFlot] and AtFlot2 transcriptions predomi-
nate in leaves and shoots, whereas AtFlot3 is mostly tran-
scribed in flower parts and siliques (Figure 3).

A. The SPFH domain of flotillins is necessary for
their proper membrane localization

The interaction of flotillins with membranes is provided
through the SPFH domain in animal cells. The entire
SPFH domain is pivotal for the localization of human
Flotillin-2 to the plasma membrane and to endosomes in
HeLa cells (Langhorst et al., 2008). Similarly, the Flotil-
lin-2 SPFH domain itself is sufficient for plasma mem-
brane trafficking in Vero cells (Morrow et al, 2002),
whereas the truncated SPFH domain of Flotillin-2 lack-
ing the N-terminal 1-40 aa (a hydrophobic stretch with
acylation sites) does not localize to the plasma mem-
brane in N2a cells (Solis et al, 2007). Pronounced
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localization in Golgi cisternae has been observed for the
truncated version of Flotillin-2 consisting of the N-ter-
minal 1-30 aa stretch (containing palmitoylation and
myristoylation sites) fused to the flotillin domain and
lacking most of the SPFH domain (Langhorst et al,
2008). Interestingly, whereas Flotillin-2 trafficking is
impaired following treatment with Brefeldin A (BFA)
and the protein was retained in accumulated Golgi
vesicles (Langhorst et al., 2008), Flotillin-1 localization is
insensitive to BFA treatment. Thus, Flotillin-1 cellular
trafficking is Golgi-independent (Morrow et al., 2002).

The N-terminus of the SPFH domain is necessary for
anchoring flotillins to membranes with palmitoyl and
myristolyl residues in animal cells; truncated versions of
both flotillins containing only the SPFH domain localize
properly to the plasma membrane, whereas those lacking
the SPFH domains accumulate in soluble fractions
(Langhorst et al., 2008; Morrow et al., 2002; Neumann-
Giesen et al., 2004). Intriguingly, no palmitoylation or
myristoylation sites were predicted in the N-terminus of
any of the three A. thaliana flotillin homologs using pub-
lic databases (Figure 1), and A. thaliana flotillins are thus
considered to interact with membranes in a manner that
differs from animal flotillins.

B. Flotillins are present in membrane microdomains
and in detergent-resistant membranes

Flotillins are found in many animal cell types and lines
(Volonté et al., 1999; Zhao et al, 2011). Regardless of
rare findings in mitochondria in human (Ogura et al,
2014) and murine cells (Zhang et al, 2008), and in
nuclei in human cell lines (Santamaria et al., 2005), flo-
tillins were most frequently associated with membrane
microdomains (Baumann et al, 2000; Dermine et al,
2001; Frick et al., 2007; Glebov et al, 2006; Langhorst
et al., 2007, 2008; Neumann-Giesen et al, 2007; Pust
et al., 2010; Riento et al, 2009; Slaughter et al., 2003;
Solis et al., 2007; Stuermer et al, 2001). These are mem-
brane areas that can be distinguished by physical prop-
erties and an enrichment of sterols, sphingolipids,
saturated phospholipids, and GPI-anchored proteins
from the surrounding membrane. DRM comprises a
nonsolubilized membrane fraction that is extracted with
mild, cold nonionic detergents (Brown and London,
1997; Brown and Rose, 1992); DRMs have traditionally
been considered membrane microdomain counterparts.
The association with DRMs is provided by hydrophobic
stretches present at the N-termini of human flotillins
(Liu et al, 2005). Membrane microdomains, which
have been reasonably classified by some authors as
nanodomains with distinct lipid and protein composi-
tion, and DRMs have also been reported in plants



(Jarsch et al., 2014; Mongrand et al., 2004; Tapken and
Murphy, 2015). The idea of microdomains being
directly defined by areas of DRM has recently been
overcome (Heerklotz, 2002; Lichtenberg et al, 2005;
Tanner et al., 2011; Tapken and Murphy, 2015), but
some authors still do not clearly distinguish between
membrane microdomains and DRMs (Cacas et al,
2016; Ishikawa et al, 2015). This interconnection may
seem intuitive because many proteins are present in
both the DRM fractions (usually detected in vitro, e.g.,
on Western blots), and the membrane microdomains
(observed as clusters or dots of tagged proteins using
microscopic techniques), although neither of the two
implies the existence of the other.

The plant flotillins AtFlotl, Picea meyeri PmFlotl,
and rice OsFlot were enriched in the plasma membrane
DRM fraction prepared from A. thaliana calli, spruce
pollen tubes, and rice cells. Concomitant alteration of
the sphingolipid composition of the DRM fraction and
OsFlot contents in this DRM fraction was observed in
rice overexpressing BI-1 (Ishikawa et al., 2015). AtFlotl
and AtFlot2 fused to green fluorescent protein (GFP) or
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yellow fluorescent protein (YFP) were observed in
plasma membrane clustered in dynamic punctate struc-
tures corresponding to membrane microdomains in leaf
(Jarsch et al., 2014) and root (Hao et al., 2014; Li et al.,
2011, 2012) epidermal cells. Similar localization and
punctate structure formation within plasma membrane
in root epidermal cells were also observed for flotillin
homologs of M. truncatula MtFLOT2 and MtFLOT4
(Haney and Long, 2010; Haney et al,, 2011).

Plant membrane microdomains can be distinguished
according to their localization pattern, e.g., polar, equa-
torial, and punctate domains. Fluorescent-labeled flotil-
lins, similar to, e.g., remorins, cellulose synthase, or
plasma membrane intrinsic proteins, form discrete foci
or punctate microdomains in the plasma membrane
(Konrad and Ott, 2015).

C. Flotillin microdomains provide specific types of
endocytosis

In addition to their plasma membrane localization, flotil-
lins have been observed extensively in endosomes and

AtFlotl
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100

B SPFH/band7 domain
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Figure 1. Structure of Arabidopsis thaliana SPFH proteins. Putative conserved SPFH ( = band 7) domains (yellow), coiled-coil stretches
(red), transmembrane stretches (green), N-myristoylation motifs (black downward arrows), and palmitoylation sites (green upward
arrows) were identified using the NCBI conserved domain searching tool (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), Max-
Planck Institute for Developmental Biology Bioinformatics Toolkit (http://toolkit.tuebingen.mpg.de/pcoils, http://toolkit.tuebingen.mpg.
de/marcoil), prediction of transmembrane helices in proteins using the TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/
), NBA-Palm—prediction of palmitoylation site (http://nbapalm.biocuckoo.org), CSS-Palm—prediction of palmitoylation site (http://
csspalm.biocuckoo.org), PlantsP—plant-specific myristoylation predictor (http://plantsp.genomics.purdue.edu/myristhtml), NTM—the
MYR predictor (http://mendel.imp.ac.at/myristate/SUPLpredictor.htm), and Myristoylator (http://web.expasy.org/myristoylator/). CRAC,
CARC, and CRAC/CARC-like motifs (black horizontal segments) were searched manually using the ScanProsite tool (http://prosite.expasy.
org/scanprosite/). The ruler indicates the protein length as the number of amino acids.
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other vesicular compartments. The plasma membrane/
endosome distribution ratio is different in various cell
types or at different developmental stages (Dermine
et al, 2001; Liu et al, 2005). Human flotillins are
strongly endocytosed upon stimulation with epidermal
growth factor (Babuke and Tikkanen, 2007; Neumann-
Giesen et al., 2007; Riento et al., 2009), shiga toxin (Pust
et al., 2010), ricin (Pust et al, 2010), or cholera toxin
(Ait-Slimane et al., 2009; Glebov et al., 2006; Stuermer
et al., 2001),

Human Flotillin-1 is found in plasma membrane cur-
vatures and invaginations, as well as endosomes that are
distinct from clathrin-coated vesicles, with no overlap
between fluorescentl-labeled flotillin and transferrin, a
marker of clathrin-mediated endocytosis (Glebov et al.,
2006; Langhorst et al, 2008). Moreover, the rate of
transferrin endocytosis was not affected in Flotillin-2-
knockdown cells (Ait-Slimane et al., 2009), and Flotillin-
1-positive vesicles displayed different dynamics from
clathrin-coated vesicles (Glebov et al., 2006). Unlike
clathrin-coated vesicles, flotillin microdomain endosome
budding is not dependent on dynamin in HeLa cells
(Glebov et al., 2006). However, endocytosis of sphingoli-
pid-binding domain peptide, a sphingolipid tracer, GPI-
GFP and CD59, a GPI protein, was mediated by Flotil-
lin-2 and dependent on dynamin (Ait-Slimane ef al,
2009; Zhang et al., 2009a). Thus, flotillins are crucial for
the endocytosis of GPI-anchored proteins.

AtFlotl was predominantly observed on the plasma
membrane from which vesicles budded and co-localized
with FM4-64-labeled endosomes in A. thaliana. AtFlotl-
labeled endosomes differed from clathrin-coated endo-
somes in terms of size and mobility. The diffusion coeffi-
cient of AtFlotl endosomes was not affected by
tyrphostin A23, an inhibitor of clathrin-mediated endo-
cytosis, but was decreased by the application of latruncu-
lin B, an inhibitor of actin polymerization; oryzalin, an
inhibitor of tubulin polymerization; and methyl- 8-cyclo-
dextrin, a sterol-depleting agent (Li et al, 2012). Flotillin
microdomains thus define a clathrin-independent endo-
cytic pathway in both mammalian and A. thaliana cells.
However, the extent to which one or the other pathway
is utilized for the endocytosis of a specific cargo depends
on external conditions in A. thaliana root cells. In the
case of the plasma membrane aquaporin PIP2;1 and
NADPH oxidase RbohD, both were predominantly
endocytosed via a clathrin-dependent pathway under
control conditions, with only a minor contribution of
AtFlotl-positive endosomes. This proportion was dra-
matically increased under salt stress (Hao ef al., 2014; Li
et al., 2011). Similarly, the brassinosteroid receptor BRI1
is endocytosed in a mostly clathrin-dependent manner
when only endogenous brassinosteroids are available.
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External application of epibrassinolide substantially
increases AtFlotl-dependent endocytosis of BRI1 (Wang
et al., 2015). Based on these findings, for the same cargo
proteins, the clathrin pathway may function as a consti-
tutive endocytic mechanism, whereas flotillin microdo-
main-based endocytosis is induced by stress or in
response to signaling events. This pathway may either
serve as a simple contributor to the overall endocytic
capacity, or it may direct the endocytosed cargo via an
alternative trajectory (e.g., vacuolar degradation versus
recycling).

Flotillin pits resemble another type of endocytic struc-
ture—caveolae, which are membrane invaginations charac-
terized by the presence of proteins called caveolins (Glenney
and Soppet, 1992). The caveolin structure and interaction
with the membrane is very similar to those of flotillin,
although the domain that interacts with the plasma mem-
brane is located in the N-terminus of flotillins but in the C-
terminus of caveolins (Bender et al., 2002; Stuermer, 2010).
An interaction of flotillins and caveolins in the formation of
endocytic structures was observed in A498 cells (Volonté
et al, 1999) and adipocytes (Baumann et al, 2000), and
downregulated expression of Flotillin-1 caused a decrease in
the concentration of Caveolin-1 in intestinal epithelial cells
(Vassilieva et al., 2009). A functional link was found in skel-
etal muscle cells during insulin-induced glucose transporter
type 4 (GLUT-4) trafficking to the plasma membrane. In
this process, the stimulated insulin receptor is first endocy-
tosed through caveolae and caveolin-3, and then, is re-local-
ized to GLUT-4-containing Flotillin-1 vesicles, where it
provokes Flotillin-1/GLUT-4 vesicle recruitment to the
plasma membrane (Fecchi et al, 2006). By contrast, there is
no co-localization between caveolins and flotillins in HeLa
cells (Frick et al., 2007; Glebov et al., 2006), in which differ-
ent caveolin and flotillin microdomain dynamics were
observed (Frick et al., 2007). Similarly, in human kidney epi-
thelial cells, Flotillin-2 and Caveolin-1 define distinct non-
co-localizing microdomains (Roitbak et al., 2005). In DRM
prepared from HEK293 cells, Flotillin-1 and Caveolin-1 are
found in distinct sub-fractions (Mellgren, 2008). No co-
localization was found between endocytosed CD59, a GPI-
anchored protein, and caveolin (Ait-Slimane et al, 2009).

Taken together, these findings suggest that there are
several populations of flotillin endocytic structures, some
of which mediate GPI-anchored protein endocytosis
whereas others may contribute to the endocytosis of dif-
ferent cargos delivered by complexes of flotillins and
caveolins.

However, the genes for caveolins have not been dis-
covered in plants (Echarri and Del Pozo, 2012; Samaj
et al., 2004). Thus, it is tempting to hypothesize that
based on structural and functional similarities, plant flo-
tillins could potentially adopt or encompass some



processes that are mediated by caveolins in animal cells.
The significance of plant flotillins in membrane transport
is supported by the interaction of AtFlot2 and AtFlot3
with several proteins involved in vesicular trafficking
and endocytosis, including ESCRT proteins, exocyst and
SNARE subunits, and Rab-GTPase (Table 1).

D. Flotillins and sterols

Because sterols are important for the proper membrane
microdomain constitution of some plant and yeast proteins
(Grossmann et al., 2007; Malinska et al, 2003; Raffaele
et al, 2009), it has been questioned whether or not the
amount of sterols present within membranes can affect flo-
tillin microdomain properties. The most abundant sterol in
animal cells, cholesterol (Espenshade and Hughes, 2007), is
recognized by proteins through their cholesterol recogni-
tion/interaction amino acid consensus motifs, i.e, CRAC,
with the following amino acid sequence: L/V-X, 5-Y-X, s-
K/R, where X any amino acid (Li and Papadopoulos,
1998). The inverted motifs, K/R-X; s-Y -X; s-L/V or
CARC, and the modified K/R-X,_5-F-X,_s-L/V or CARC-
like were also found to bind cholesterol (Baier ef al., 2011).
Mammalian Flotillin-2 was predicted to contain two puta-
tive CRAC motifs in its amino acid sequence, both of which
reside in the SPFH domain (Roitbak et al., 2005). Both
murine flotillins were found to interact directly with Nie-
mann-Pick 1-like 1 (NPCIL1) protein, which cycles
between the plasma membrane and the endocytic recycling
compartment to mediate cholesterol uptake. The complex
of flotillins and NPCILI forms microdomains at plasma
membrane co-localizing with cholesterol-rich foci stained
with filipin. Moreover, the complex dissociates in the
absence of cholesterol (Ge et al., 2011). In Flotillin-knock-
down cells, NPC1L1 and cholesterol are also predominantly
present at the plasma membrane, and overall cholesterol
uptake is decreased in comparison to cells expressing flotil-
lins at normal levels (Ge et al, 2011). Similarly, in Aspergillus
nidulans strains with flotillin ortholog depletion, the locali-
zation pattern of sterol-rich domains (stained with filipin)
differs from that of wild-type strains, although sterol-rich
domains do not co-localize with flotillin ortholog microdo-
mains (Takeshita ef al., 2012). Flotillin may thus affect sterol
uptake/trafficking/localization both directly and indirectly
in different cell types or evolutionary lineages.

Proper sterol composition and trafficking to mem-
branes is also important for endocytic processes in plant
(Sekeres et al., 2015). The sterol content of DRMs is nec-
essary for proper functioning of membrane microdo-
main-localized NADPH oxidase in P. meyeri (Liu et al.,
2009). Decreased sterol content in AtFlotl-knockdown
lines (Li et al., 2012) leads to a decrease in the structural
order of the membrane (measured as generalized
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polarization) in these lines (Zhao et al., 2015). Moreover,
the depletion of sterol using methyl-S-cyclodextrin
results in a decrease in the lateral mobility of AtFlotl
microdomains (Li et al., 2012), which is consistent with
the effect observed in N2a cells (Langhorst et al., 2007).
Although the effect of sterol depletion may be rather
pleiotropic as a result of overall changes in membrane
properties, flotillin microdomain dynamics appear to be
particularly sensitive to the sterol content of the mem-
brane. The most pronounced decrease in the diffusion
coefficient was observed for AtFlotl (80-fold decrease in
the mode value) compared with some other plasma
membrane microdomain or punctate-forming proteins
such as clathrin (5-fold decrease), RbohD (28-fold
decrease), or PIP2;1 (20-fold decrease) in response to the
same methyl-B-cyclodextrin treatment (Hao et al., 2014;
Li et al., 2011, 2012). The function of flotillins is thus
affected by the presence or the amount of sterols, but flo-
tillins also influence sterol uptake and its levels in the
cell. A. thaliana possesses two sequence homologs of
NPCIL1 (Atlg42470 and At4g38350), but they do not
appear to be involved in sterol metabolism or trafficking
(Feldman et al., 2015).

The sequestration of sterols from the plasma mem-
brane leads to changes in the membrane order and fluid-
ity following exposure to oomycetal elicitins such as
cryptogein, cactorein, or parasiticein, which are pro-
duced by different species of Phytophthora (Mikes et al.,
1998; Vauthrin et al., 1999). The transcription of all A.
thaliana flotillin isoforms is highly induced in response
to treatment with Phytophthora and Hyaloperonospora
(Figure 2), which are common plant pathogens that
encode numerous elicitins or elicitin-like proteins (Chen
et al., 2014). Given that AtFloti-knockdown plants con-
tain less sterols in plasma membranes (Li et al., 2012), it
is possible that AtFlots binds to sterols and thus prevents
them from being trapped and removed from the plasma
membrane by elicitins.

Because CRAC/CARC motifs have not yet been dem-
onstrated to recognize sterols other than cholesterol, nei-
ther have they been investigated in plants. Thus, it is
difficult to predict whether plant flotillin homologs can
bind to sterols. In plant cells, phytosterols predominate
over cholesterol, which is present in rather minute
amounts. The CRAC/CARC motif recognizes the A or B
ring of the sterane structure and iso-octyl chain of cho-
lesterol (Fantini and Barrantes, 2013). The A and B
cycles are common to cholesterol and the main phytos-
terols (i.e, f-sitosterol, campesterol, stigmasterol, and
brassicasterol), whereas they differ from one another in
terms of side chains (iso-octyl in cholesterol). However,
phytosterols have been confirmed to bind with a rela-
tively high efficiency to two cholesterol-binding proteins,
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Table 1. Proteins that interact with flotillins or HIRs of Arabidopsis thaliana.

AGI Name Function/type SPFH Source
AT1G21240 WAK3 Signaling/receptor-like kinase F1,F2, F3 a
AT2G42290 LRR protein kinase Signaling/receptor-like kinase F2,F3 a
AT2G20850 SRF1 Signaling/receptor-like kinase F3 a
AT2G17290 CPK6 Signaling/calcium-dependent kinase F3 a
AT3G48260 WNK3 Signaling/MAPKKK F2 a
AT3G48040 ROP10 Rop GTPase F1,F2, F3 a
AT5G42980 TRX3 Signaling/thioredoxin F1,F2,F3 a
AT1G45145 TRXS Signaling/thioredoxin F2 a
AT2G26180 QD6 Calcium binding F1,F2,F3 a
AT4G37445 Unknown Calcium binding F2,F3 a
AT1G03950 VPS2.3 Protein sorting/ESCRT F2 a
AT3G10640 VPS60.1 Protein sorting/ESCRT F2,F3 a
AT1G54090 EXQ70D2 Vesicular transport/exocyst subunit F3 a
AT3G03800 SYP131 Vesicular transport/SNARE subunit F3 a
AT4G35860 GB2 Rab GTPase F3 a
AT1G17280 UBC34 Ubiguitination/conjugation enzyme F2,F3 a
AT3G60820 PBF1 Proteasome subunit F2,F3 a
ATAG38690 PLC-like Phospholipid metabolism F2,F3 a
AT3G08510 PLC2 Phospholipid metabolism F3 a
AT4G21540 SPHK1 Sphingosine metabolism F3 a
AT4G04850 CPA2 Monovalent cation:proten antiporter F2 a
AT3G12180 Cornichon Potassium/sodium transport F1,F2, F3 a
AT5G22290 NAC089 Transcription factor F2,F3 a
AT5G28290 NEK3 Cell-cycle regulator F3 a
AT4G05370 BCS1 AAA ATPase F2,F3 a
AT1G14700 PAP3 Purple acid phosphatase F2 a
AT3G54260 TBL36 Trichome birefringence-like F2,F3 a
AT3G01500 Carbonic anhydrase 1 Carbonic anhydrase F2 a
AT1G34760 GRF11 14-3-3 protein F3 a
AT1G19570 DHAR1 Dehydroascorbate reductase F3 a
AT2G24940 MAPR2 Progesterone binding protein F3 a
AT4G27610 Unknown Unknown F2 a
AT3G03210 Unknown Unknown F2 a
AT4G26090 RPS2 NB-Leucine-rich repeat protein H1, H2 b, ¢
AT3G58140 Phe-tRNA synthetase Phe-tRNA synthetase H1, H2, H3, H4 b
AT5G35750 AHK2 Histidine kinase/cytokinin receptor H1, H4 C
AT3G01670 SEOR2 Sieve element occlusion related H3 4

Protein that interact with Arabidopsis thaliana SPFH proteins retrieved from protein-interaction databases. F1 = AtFlot1, F2 = AtFlot2, F3 = AtFlot3, H1 = AtHIR1,
H2 = AtHIR2, H3 = AtHIR3, H4 = AtHIR4; a = Associomics (https://assodiomics.dpb.carnegiescience.edu/Associomics/Home html), b = String (http://string-db.org/),
< = Anap (http://gmdd.shgmo.org/Computational-Biology/ANAP/ANAP_V1.1/). Only interactions obtained experimentally (pull-down assay or Y2H screen) were

considered. Concerning Associomics, only interactions of at least two positive screen results were assumed.

oxytocin receptor and cholecystokinin (type B) receptor
(Gimpl et al, 1997), of which the latter contains the
CRAC motif essential for binding to cholesterol (Desai
and Miller, 2012). In plants, only a limited number of
proteins have been experimentally demonstrated to bind
sterols. A sitosterol-binding protein, ORP3, contains an
oxysterol-binding region (Saravanan et al, 2009) with
four putative CRAC/CARC/CARC-like motifs. More-
over, one of these motifs is contained within the con-
served KPFNPLLGETF region that is shared among
several oxysterol-binding proteins from A. thaliana and
rice (Umate, 2011). Similarly, a stigmasterol- and phos-
phatidylethanolamine-binding protein, ROSY1, contains
three putative CRAC/CARC/CARC-like motifs within its
MD2 lipid-binding domain (Dalal et al, 2016). Taken
together, it is possible that CRAC/CARC motifs can rec-
ognize at least some phytosterols; therefore, we investi-
gated the presence of putative CRAC/CARC motifs in A.
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thaliana flotillins, HIRs, and erlins (Figure 1). Several
motifs were predicted for each protein within but also
outside the SPFH domain.

E. Protein-protein interactions—flotillin mode of
action

Because flotillins do not dispose of an activity like
enzymes, transporters, and molecular motors, among
others, their function likely consists of affecting other
proteins via protein-protein interactions. First, mamma-
lian flotillins interact with one another to form homote-
tramers (Neumann-Giesen et al., 2004; Solis et al., 2007)
and heterotetramers (Solis et al., 2007). Oligomerization
is provided by coiled-coil structures outside of the SPFH
domain within so-called flotillin domains in the C-termi-
nal parts of the proteins (Solis et al., 2007). The tetramers
are quite resistant toward denaturation; they remain
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Figure 2. Arabidopsis thaliana SPFH gene transcription is affected by many factors. Affymetrix 22 K microarray data were retrieved from

Genevestigator.

stable in 8 M urea (Solis et al., 2007). The effects of
mutual flotillin interactions on their localization within
the plasma membrane have been established: when only
one of the isoforms is overexpressed, it is evenly distrib-
uted throughout the plasma membrane, whereas under a
similar expression level of both flotillins these two are
predominantly concentrated and co-localize in plasma
membrane microdomains (Frick et al., 2007). Flotillin-2
affects Flotillin-1 stability by preventing its 26S protea-
some degradation, while knockdown of Flotillin-1 had
little or no effect on the Flotillin-2 concentration (Pust
et al., 2010; Solis et al., 2007). However, endocytosis of
the Flotillin-1/Flotillin-2 complex was impaired in Flotil-
lin-1-knockout cells, demonstrating the importance of
flotillin heterooligomerization for endocytosis (Babuke
et al., 2009). Given that there are three isoforms of flotil-
lin homologs in the genome of A. thaliana, the situation
in plant cells may be more complex.

Another relationship with 265 proteasome protein
degradation was demonstrated via human Flotillin-1
binding to antisecretory factor (AF) protein, which dis-
plays antisecretory and anti-inflammatory features
(Bjorck et al., 2000; Davidson and Hickey, 2004) and has
been shown to interact with the 26S proteasome (Lange
et al., 1999). AF is 42% identical to A. thaliana 26S pro-
teasome non-ATPase regulatory subunit 4, which is also
known as multiubiquitin chain binding protein 1
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(At4g38630). Moreover, AtFlot2 and AtFlot3 were dem-
onstrated to bind two proteins involved in ubiquitination
and proteasome degradation (Table 1). Thus, plant flotil-
lin activity may be controlled by ubiquitination or, more-
over, flotillins themselves may be involved in regulating
the degradation of other proteins.

F. Flotillins interact with kinases

One prominent group of proteins that interact with
mammalian flotillins are tyrosine kinases such as epider-
mal growth factor receptor (EGFR) (Amaddii et al,
2012), a transmembrane receptor kinase (Ullrich and
Schlessinger, 1990), and Src family kinases (Neumann-
Giesen ef al., 2007). Src proteins are nonreceptor kinases
that are involved in many cellular processes, among
which signal transduction is of the most substantial one
(Parsons and Parsons, 2004; Sirvent et al, 2015). The
distribution of EGFR within the plasma membrane
changes in response to stimulation with its ligand, EGF,
forming clusters, and EGFR is enriched in the DRM
(Roepstorff et al, 2002). This clustering is impaired
when Flotillin-1 is knocked down (Amaddii ef al., 2012).
Upon stimulation with EGF, both flotillins co-precipitate
with EGFR, even when EGFR kinase activity is inhibited
(Amaddii et al., 2012; Riento et al., 2009), and are endo-
cytosed together with EGFR from the plasma membrane
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(Amaddii et al, 2012; Neumann-Giesen et al., 2007).
This re-localization consists of the phosphorylation of
Flotillin-2 (Neumann-Giesen et al., 2007) but is indepen-
dent of Flotillin-1 (Amaddii et al., 2012). However, in
Flotillin-1-knockout cells, the phosphorylation of EGFR
itself is reduced (Amaddii et al., 2012). Thus, flotillins
mediate EGFR function and endocytosis, whereas EGFR
does not affect flotillins by phosphorylating them.

Both human flotillins are phosphorylated on several Tyr
residues within the SPFH domain by Fyn (Riento ef al,
2009) and Src (Neumann-Giesen ef al., 2007; Riento et al.,
2009) kinases belonging to Src family kinases. The phos-
phorylation of a specific Tyr of Flotillin-2 is necessary for
endocytosis of the Flotillin-based complex (Neumann-Gie-
sen et al., 2007; Riento et al., 2009). Src, Fyn, and Lyn kinases
co-precipitate with flotillins (Kato et al, 2006; Liu et al,
2005; Neumann-Giesen et al, 2007), and this interaction
depends on the kinase activity of these Src family kinases
(Neumann-Giesen et al., 2007) and is mediated by Tyr resi-
dues of flotillins (Liu et al., 2005).

Src-phosphorylated Flotillin-1 co-precipitates with
the succinate dehydrogenase iron-sulfur subunit in mito-
chondria, and this interaction is impaired when Src
kinase activity is inhibited (Ogura et al., 2014). Thus, the
phosphorylation of flotillins may be required for flotillins
to bind to other proteins.

Although plants lack Tyr kinases, numerous dual speci-
ficity kinases have been described in A. thaliana that have
structural similarities to animal Tyr kinases including Src,
Lyn, and Fyn (Rudrabhatla ef al, 2006). Taken together
with the observation that the proportion of phosphotyrosine
among all phosphorylated amino acids in A. thaliana is sim-
ilar to that in humans (Sugiyama et al, 2008), it would be
interesting to investigate whether the function of A. thaliana
flotillins is also modulated by phosphorylation.

In plants, a pattern similar to the interaction of mamma-
lian flotillin and EGFR induced by EGF stimulation has
been described for M. truncatula MtFLOT4 and Lysin motif
receptor-like kinase 3 (LYK3), a receptor of nodulation fac-
tor (NF) in root hairs. After stimulation of LYK3 and
MFLOT4 with NF, both proteins re-localize to the apex of
the root hair and cluster and co-localize in the resulting
microdomains, whereas without stimulation, they are both
present in puncta that are evenly distributed throughout the
plasma membrane without significant co-localization. The
amount of MtFLOT4 in the plasma membrane of root hairs
decreased in LYK3 kinase-inactive plants (Haney et al,
2011). The LYK3 homolog in A. thaliana is Chitin elicitor
receptor kinase 1 (At3g21630). Moreover, AtFlot transcrip-
tion is upregulated by chitin (Figure 2). All AtFlot isoforms
also bind to receptor-like kinases that can also play a role in
signal transduction (Table 1).
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An important type of plant kinase is wall-associated
kinases (WAKs). The extracellular domain of WAK
shares sequence similarity with EGFR (He et al., 1996),
and AtWAK3 binds to all the three isoforms of AtFlots
(Table 1). Thus, it is possible that plant flotillins may be
involved in cell responses to extracellular signals in a
manner similar to mammalian flotillins. AtWAKI and
AtWAK2 have been reported to bind oligogalacturo-
nides—products of cell-wall pectin cleavage caused by
pathogens—and thus AtWAKs may mediate the defense
response (Brutus et al, 2010; Kohorn et al, 2009).
WAKs and WAK-likes have also been reported to be
involved in mineral processing, especially heavy-metal
uptake and responses (Hou et al., 2005; Sivaguru et al.,
2003). Plant flotillin involvement in these WAK-medi-
ated processes is supported by the upregulation of all
AtFlot by oligogalacturonides and in response to iron
and nitrogen deficiency (Figure 2).

G. Flotillin interactions with the cytoskeleton and
extracellular matrix

In mammalian cells, flotillins co-localize with F-actin
attached to the plasma membrane (Langhorst et al,
2007; Liu et al., 2005). This interaction is achieved via a
multivalent adaptor protein, CAP/ponsin, which binds
directly to both flotillins (Baumann et al, 2000; Liu
et al, 2005) in their SPFH domain (Langhorst et al,
2007) and actin (Liu et al, 2005). Blocking actin poly-
merization with cytochalasin D does not affect the num-
ber or organization of flotillin domains (Langhorst et al.,
2007; Liu et al., 2005), but their lateral mobility increases
or decreases in response to disruption or enhanced poly-
merization of actin filaments, respectively. No such effect
has been observed for microtubules in animal cells (Lan-
ghorst et al., 2007).

The opposite situation is observed for the AtFlotl dif-
fusion coefficient, which decreases when both actin and
tubulin polymerization are disrupted (Li et al, 2012).
Moreover, AtFlotl vesicles co-localize with the myosin-
binding protein MyoB1 (Peremyslov et al., 2013). Given
that movement along actin filaments is realized by myo-
sin motor proteins (Vale, 2003), these findings suggest a
possible functional linkage of plant flotillins and actin.

In animal cells, F-actin also interacts with flotillin
associated with cadherin in adherens cell junctions
(Guillaume et al., 2013), and both flotillins directly inter-
act with catenin, another protein in the cell junction
complex (Kurrle et al, 2013). Flotillins are vital for the
stability and integrity of these junctions, and Flotillin-
knockdown cells display aberrant junctions (Guillaume
et al.,, 2013; Kurrle et al., 2013; Solis et al., 2012).



Although cadherins are not present in plants (Hulpiau
and van Roy, 2009), antibodies against animal cadherins
and catenins display significant cross-immunoreactivity in
corn, binding mainly to membrane structures (Baluska
et al., 1999). Catenins belong to a family of armadillo repeat
(ARM)-containing proteins that are also found in plants
(Coates, 2003). In A. thaliana, 108 ARM-containing pro-
teins have been predicted, most of which are ubiquitin
ligases (Mudgil et al, 2004) associated with the plasma
membrane (Vogelmann et al., 2014).

As mentioned above, all three isoforms of AtFlots
bind WAK3, which belongs to a family of plant kinases
that mediate communication between the extracellular
matrix and the cell (Wagner and Kohorn, 2001). Plant
flotillins may—similarly to mammalian ones—partici-
pate in plasma membrane to cell wall communication
with respect to structure formation and signaling.

H. The interactome and transcription profiles of
Arabidopsis thaliana flotillins may indicate their
additional function

Because the functions of animal flotillins consist mainly of
interactions with other proteins, knowledge of plant Flotil-
lin-interacting partners may indicate their possible roles.
We analyzed the amino acid sequences of AtFlots (as well as
other A. thaliana SPFH proteins) for coiled-coil motifs using
web prediction tools. All three AtFlots contain putative
coiled-coil motifs (Figure 1), suggesting a potential associa-
tion with other proteins via these motifs. For three AtFlots,
several interacting proteins are present in the Associomics
Membrane-based Interactome Database (MIND) based on
split-ubiquitin Y2H assays, thus assembling data on the
interactions of membrane-bound proteins. As previously
described, AtFlots interact with several receptor-like kinases.
In addition, other proteins involved in cell signaling or regu-
lation, such as Mitogen-activated protein kinase kinase
kinase (MPKKK), calcium-binding proteins, or thioredox-
ins, have been found to bind AtFlots (Table 1).

Three proteins that interact with A. thaliana flotillins
participate in phospholipid or sphingolipid metabolism.
Because both sphingolipids and saturated phospholipids
are necessary for membrane microdomain formation
and composition, these interactions suggest possible
roles of AtFlots in the actual microdomain establishment
in terms of Flotillin-mediated modulation of proper
membrane lipid composition.

As mentioned above, both animal and plant flotillins
participate in clathrin-independent endocytosis. There-
fore, it is not surprising that proteins involved in protein
sorting (ESCRT) or vesicular transport (exocyst and
SNARE subunits) interact with AtFlots.
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The transcription of all AtFlot isoforms is highly
induced under salt stress (Figure 2). AtFlot2 binds to
CPA2, a monovalent cation transporter, and all three flo-
tillin isoforms interact with cornichon, a protein of
unknown function in the A. thaliana, an ortholog of
which interacts with the potassium/sodium transporter
in rice (Rosas-Santiago et al, 2015). Thus, AtFlots may
take part in monovalent cation uptake.

AtFlot] co-localizes with PIP2;1 aquaporin within mem-
brane microdomains. In response to NaCl treatment, P1P2;1
is endocytosed from the plasma membrane via a clathrin-
independent pathway, i.e., a pathway that is likely mediated
by AtFlotl (Li ef al, 2011). Together with the considerable
induction of AtFlots transcription by osmotic or water stress,
this observation may indicate the potential involvement of
AtFlotl in the regulation of water uptake. A NADPH oxi-
dase, RbohD, which is known to mediate plant responses to
pathogens (Pogany et al., 2009; Torres et al., 2002) or salt
stress (Xie et al, 2011) through the production of reactive
oxygen species (ROS), has also been found to co-localize
with AtFlot1 (Hao et al., 2014). In addition, in P. meyeri, pol-
len tube PmFlot] was associated with the same DRM frac-
tion as NADPH oxidase (Liu et al, 2009). Because ROS
signaling accompanies many plant stress reactions, includ-
ing hypoxia or anoxia (Pucciariello et al., 2012), and single
AtFlot isoform transcription is upregulated by oxidative
stress or hypoxia and anoxia, a contribution of flotillin to
this cellular event may also be possible.

1. Erlins—important players in endoplasmic
reticulum signaling

Erlins were discovered in human hematopoietic cell lines
(Browman et al., 2006). To date, they have been further
characterized only in humans and Caenorhabditis elegans
(Hoegg et al., 2012). Only one sequence of an erlin homo-
log—erlin-like protein (AtELP, At2g03510)—was identi-
fied in A. thaliana (Di et al, 2010; Gehl and Sweetlove,
2014). Its transcription throughout plant development and
in organs is presented in Figure 3. It is generally expressed
throughout all development stages and plant organs, with
maximal expression potential in siliques and the lowest val-
ues in anthers, pollen, and vegetative parts of the inflores-
cence. AtELP transcription is upregulated in response to
pathogens, namely Phytophthora parasitica, some strains
of Pseudomonas syringae, and viruses. Among abiotic
stresses and phytohormones, cold and salicylic acid (SA)
have the most prominent effects.

A. Erlins form multimeric complexes in the
endoplasmic reticulum membrane

Human erlins (Erlin-1 and Erlin-2) are localized to the
endoplasmic reticulum (ER) and are highly enriched in
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the DRM (Browman et al, 2006). A transmembrane
stretch is present in front of the SPFH domains of
human erlins, and the N-terminus is localized in the
cytoplasm whereas most of the molecule is inside the ER
lumen (Pednekar et al., 2011).

Two coiled-coil stretches are present at the C-termi-
nus of human erlins. The coiled-coil motifs mediate the
formation of erlin homo and heterooligomers (Hoegg
et al., 2009), among which heterotrimers are the most
abundant (Pednekar et al, 2011). Oligomers are further
organized into an approximately 2-MDa complex con-
sisting of ca 50 monomers with an Erlin-1/Erlin-2 ratio
of 1:2 (Pearce et al, 2009). This structure is assembled
through an “association domain” that is present in erlin
molecules beyond the coiled-coil motifs (Pednekar et al.,
2011). The 2-MDa complex is shaped like an open ring
(Pednekar et al., 2011), and is stable even during sterol
depletion (Hoegg et al., 2009).

AtELP also contains a putative transmembrane
stretch as well as a coiled-coil motif (Figure 1). These
predictions suggest possible AtELP membrane localiza-
tion and an ability to bind to the same or other mole-
cules, i.e., to form homooligomers or protein complexes.

B. Erlin supercomplexes are involved in inositol
trisphosphate receptor degradation

Human erlins are involved in the ER-associated degrada-
tion (ERAD) pathway, a process during which some ER
proteins (typically misfolded or undergoing rapid turn-
over) are polyubiquitinated and consequently degraded
by the 26S proteasome (Vembar and Brodsky, 2008).
Erlin-2 has been found to interact with several proteins
involved in ERAD as well as with the inositol trisphos-
phate receptor (IP3R), and Erlin-2 knockdown cells dis-
play inhibition of the polyubiquitination of some ERAD
substrates including IP3R (Pearce et al., 2007). Mamma-
lian IP3R is localized in the ER membrane and releases
calcium ions into the cytoplasm following IP3 stimula-
tion (Foskett ef al., 2007; Taylor et al., 2004). The rapid
increase in the calcium concentration is known to act as
a second messenger in many signalization cascades. After
stimulation and calcium release, IP3R is promptly
degraded via ERAD (Bokkala and Joseph, 1997; Ober-
dorf et al, 1999). Because the 2-MDa erlin complex
binds to IP3R and the extent of this interaction increases
after 1P3 stimulation (Pearce et al, 2007, 2009; Wang
et al., 2009), this complex plays a key role in the signal
transduction induced by IP3. The interaction takes place
before the beginning of IP3R ubiquitination (Pearce
et al., 2007). Monomeric erlins do not bind IP3R (Pearce
et al., 2009). Upon suppression of erlin expression, IP3R
is ubiquitinated to a substantially lower extent (Pearce
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et al., 2007; Sanchez-Quiles et al., 2010), IP3 signaling is
not attenuated, the ER is stressed and the cell can be
damaged (Sanchez-Quiles et al., 2010).

Regarding the shape of the 2-MDa erlin complex, it
has been hypothesized that the complex acts as a retro-
translocon, a structure that can extrude stimulated IP3R
or other proteins from the ER membrane after their
interaction or that can draw an ubiquitin ligase that rec-
ognizes IP3R and thus mediates their association (Pearce
et al, 2009). Binding of the 2-MDa complex and
RNF170, an activated IP3R-specific ubiquitin ligase, has
been established (Lu et al, 2011).

IP3-induced release of calcium ions into the cyto-
plasm is also an important signaling event in plant cells
(Alexandre and Lassalles, 1992; Malho et al., 1998). Vac-
uolar (Allen and Sanders, 1994; Brosnan and Sanders,
1993) and microsomal fraction compartments (Dasgupta
et al, 1997; Muir and Sanders, 1997; Scanlon et al,
1996) were found to release Ca™ in response to IP3
stimulation in several plant species, suggesting that a
putative plant IP3R is present in these membrane com-
partments. Nevertheless, a plant protein homolog of
metazoan IP3R has not been discovered to date (Krinke
et al., 2007; Taylor et al., 2004). A binding site for IP3
(but not a specific protein) was found in ER membranes
(Martinec et al., 2000) in Chenopodium rubrum. Several
tens of IP3-binding proteins have recently been identified
in the ER membrane of Oryza sativa (Nie ef al., 2014).

IV. Hypersensitive induced reaction proteins—
modulators of plant immunity

HIRs are plant-specific members of the SPFH protein super-
family. They were originally discovered in Zea mays
(Nadimpalli et al., 2000) and were found highly homologous
to a tobacco NG1 cDNA product that causes a spontaneous
hypersensitive response (HR) when overexpressed in
tobacco leaves (Karrer et al, 1998). HIR homologs have
been further identified in barley (Rostoks ef al., 2003), rice
(Chen et al,, 2007; Malakshah ef al,, 2007), tomato (Jung
and Hwang, 2007), pepper (Jung et al., 2008), papaya (Por-
ter et al., 2008), wheat (Liu et al., 2013; Yu et al., 2008; Zhang
et al,, 2009b, 2011), A. thaliana (Di et al., 2010), apple (Zhou
et al, 2012), and soybean (Koellhoffer et al., 2015; Xiang
et al., 2015). In the Haptophyte algae Emiliania huxleyi and
Tisochrysis lutea, proteins related to A. thaliana HIRs in
terms of sequence similarity and molecular mass have been
identified (Rose et al, 2014; Shi et al, 2015). HIRs of A.
thaliana are denoted herein according to Qi ef al. (2011) as
follows: AtHIRI (Atlg69840), AtHIR2 (At3g01290),
AtHIR3 (At5g51570), and AtHIR4 (At5g62740). The
expression of single isoforms differs during plant develop-
ment and in various organs (Figure 3). AtHIR1 is expressed
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Figure 3. Arabidopsis thaliana SPFH genes are expressed differentially in various tissues throughout individual development. Affymetrix

22 K microarray data were retrieved from Genevestigator.

in leaves and some flower parts but is not expressed in root
tissues. AtHIR2 expression is highest in leaves and roots and
almost absent in flowers and siliques. AtHIR3 and AtHIR4
are, to a certain extent, expressed during all developmental
stages and in all organs, with the highest values exhibited in
siliques and seeds or gametangia, gametophytes, and seed
parts, respectively.

A. HIRs are localized on the plasma membrane

HIR proteins were found on the plasma membrane in
rice (Chen et al., 2007; Ishikawa et al., 2015; Malakshah
et al., 2007), A. thaliana (Qi et al., 2011), and pepper
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(Choi et al., 2011), and on the tonoplast in rice (Zhou
et al., 2010) or the endosomes in pepper (Choi et al,
2013). In wheat, TaHIR1 and TaHIR3 localize on the
plasma membrane (Duan et al., 2013), whereas TaHIR2
are present in the cell interior (Zhang et al., 2011).

In pepper, the association of CaHIR1 with the plasma
membrane is provided by the SPFH domain (Choi et al,
2011). Zhou et al. (2010) and Xiang et al. (2015) pre-
dicted putative myristoylation sites and transmembrane
stretches in the N-terminus for several isoforms of HIRs
in soybean, rice, maize, wheat, and barley. However, our
search using web prediction tools did not reveal any
transmembrane stretches in the amino acid sequences of
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any of the four HIR isoforms of A. thaliana, whereas N-
terminal putative myristoylation and/or palmitoylation
sites were identified for all of them (Figure 1). HIR-
related protein was found to be a major membrane
microdomain protein in E. huxleyi (Rose et al., 2014).
AtHIR1, AtHIR2, and AtHIR3, as well as OsHIRI1,
OsHIR3, and OsHIRS5, were found in DRMs (Ishikawa
et al., 2015; Minami et al, 2009). The association of
AtHIRs with the DRM is not altered following sterol
depletion induced by methyl-B-cyclodextrin (Kiersz-
niowska et al., 2009).

B. HIRs are upregulated in response to pathogen
attack

Plant immunity consists mainly of two types of defense
mechanisms corresponding to two types of molecules that
are produced by pathogens. The so-called pathogen (or
microbe)-associated molecular patterns (PAMPs or
MAMPs) such as flagellin, elongation factor thermo unsta-
ble (EF-Tu), peptidoglycan, chitin, lipopolysaccharide, and
glucan of pathogen cell walls, are generally conserved
across pathogen taxa (Chisholm et al, 2006) and play a
role as elicitors. PAMPs are recognized by plant pathogen
recognition receptors (PRRs) localized at cell surfaces
(Jones and Dangl, 2006). The action initiated by PRRs
results in the activation of innate immune response termed
PAMP-triggered immunity (PTI) (Dangl and Jones, 2001).

To overcome PTI, pathogens have evolved another
type of molecule that disrupts early steps in the PRR-
induced response (He et al., 2006). These so-called effec-
tors or plant proteins damaged by these effectors are rec-
ognized by resistance proteins (R proteins) in plants
(Chisholm et al., 2006). Effectors are race or strain-spe-
cific, and their presence or absence in a pathogen deter-
mines its (a)virulence. An effector that is recognized by
host R protein is called an avirulence protein because it
provokes a supposed effector-triggered immunity (ETT)
response in the host plant (Dangl and Jones, 2001). ETI
comprises the production of ROS, reactive nitrogen
oxide intermediates, and increased levels of the defense
phytohormone jasmonic acid (JA) (Coll et al., 2011),
eventually leading to HR. SA signaling and the subse-
quent upregulation of pathogenesis-related proteins
(Stintzi et al., 1993) is involved in both the ETI and the
PTI pathways (Janda and Ruelland, 2015).

HIR protein expression is generally increased during
bacterial (Chen et al, 2007; Jung and Hwang, 2007; Qi
et al., 2011; Zhou et al., 2010) or fungal (or oomycetes)
infection (Chen ef al., 2012; Liu et al., 2013; Porter ef al.,
2008; Xiang et al., 2015; Yu et al., 2008, 2013; Zhang
et al., 2009b, 2011; Zhou et al., 2012). HIR upregulation
is usually induced to a much greater extent by avirulent
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pathogens strains during incompatible interactions than
by virulent strains during compatible interactions; how-
ever, both virulent and avirulent strains cause an increase
in HIR expression (Chen et al, 2007, 2012; Jung and
Hwang, 2007; Liu et al, 2013; Yu et al, 2008, 2013;
Zhang ef al., 2009b, 2011; Zhou ef al., 2010),

Genevestigator ~ microarray  transcription  data
(Figure 2) also show the upregulation of at least some
HIR isoforms in response to several pathogen types
including fungi (Alternaria brassicae, Botrytis cinerea,
Blumeria graminis, and Sclerotinia sclerotiorum), oomy-
cetes (Hyaloperonospora arabidopsidis and Phytophthora
infestans), bacteria (P. syringae pv. maculicola and pha-
seolicola, Xanthomonas campestris pv. campestris), and
several viruses. Interestingly, the effect of both virulent
and avirulent strains of P. syringae pv. tomato on the
transcription of AtHIR1, AtHIR2, and AtHIR3 (Qi et al.,
2011) is rather insignificant. In E. huxleyi viral infection
causes changes in the size distribution of membrane
microdomains defined by HIR-related protein (Rose
et al, 2014). Possible involvement of HIRs or HIR-
related proteins in response to viral infection is consis-
tent with highly upregulated AtHIR transcription in
response to cabbage leaf curl virus or turnip mosaic virus
infection (Figure 2).

HIR transcription is also induced by elicitors.
AtHIRI, AtHIR2, and AtHIR3 transcription is upregu-
lated by flg22 peptide (Qi et al, 2011), chitin, and
EF-Tu (Figure 2). CaHIRI transcription is increased
by infiltration of the purified Filamentous hemaggluti-
nin-like protein (Fhal) of Xanthomonas campestris pv.
vesicaforia into pepper leaves (Choi et al, 2013).
CaHIRI transcription is also increased in pepper
leaves overexpressing INF1 elicitin of Phytophthora
capsici (Feng et al.,, 2014). Both Fhal and INF1 elicit
necrosis and HR in pepper leaves (Feng et al., 2014;
Choi et al., 2013).

The effect of stressors and phytohormones on HIR
expression seems to be specific for species and isoform.
OsHIRI expression is induced by salt stress (100 mM
NaCl) in rice (Malakshah et al., 2007), whereas salt treat-
ment (200 mM NaCl), cold stress (4°C), and osmotic
stress (20% PEG6000) in wheat decrease the transcrip-
tion of TaHIRI and TaHIR3 (Duan et al., 2013). TaHIR1
and TaHIR3 transcription are also reduced by ethylene
(100 M) and ABA (100 M), with only a minor effect
of MeJA (100 uM) or SA (2 mM) application (Duan
et al., 2013). This phenomenon is in contrast to the situa-
tion in pepper, in which SA (5 mM), MeJA (100 M),
ABA (100 pM), and ethylene (5 ppm) application
increased CaHIRI transcription (Jung and Hwang,
2007). In soybean, hydrogen peroxide treatment
(100 M) repressed the transcription of GmHIRI,



GmHIR3, and GmHIR4 (Xiang et al., 2015). AtHIR tran-
scription is upregulated by SA, a phytohormone that is
involved in the plant response to pathogens, and zeatin.
The effects of oxidative and osmuotic stress, ozone, hyp-
oxia UV-B, and cold seem to be similar for all AtHIR iso-
forms, whereas hydrogen peroxide, drought, salt, and
ABA have opposite impacts on different isoforms, i.e.,
they increase or decrease the transcription of AtHIR1
and AtHIR2, or AtHIR3, and AtHIR4, respectively
(Figure 2).

C. Overexpression of HIRs promotes the
hypersensitive response

The HR regulates cell death at the site of infection,
resulting in the restriction of pathogen growth and
spreading. It typically occurs during incompatible inter-
actions between plants and pathogens, and is manifested
by plasma membrane depolarization and potassium ion
efflux into the intercellular space (Atkinson ef al., 1990),
an oxidative burst (Torres et al., 2006), and callose depo-
sition (Cuypers and Hahlbrock, 1988). These processes
are mediated by SA, ABA, JA, and ethylene signaling
(Fujita et al, 2006). In pepper overexpressing CaHIRI,
increased callose deposition and electrolyte leakage, and
reduced SA content are observed in the absence of a
pathogen (Choi et al., 2011). Interestingly, when CaHIRI
is expressed in A. thaliana, the plants exhibit elevated SA
and hydrogen peroxide contents, a higher potassium ion
concentration in the intercellular space, and constitutive
upregulation of pathogenesis-related proteins (Jung and
Hwang, 2007). OsHIR1 expression in A, thaliana results
in the spontaneous formation of lesions and a constitu-
tive increase in PR expression (Zhou et al,, 2010). Barley
lesion mimic mutants, i.e,, mutant lines exhibiting con-
stitutive necrosis formation, were found to constitutively
overexpress HvHIRI, HvHIR2, HvHIR3, and HvHIR4
(Rostoks et al., 2003; Wright et al., 2013). These lesion
mimic mutants are more resistant to virulent biotrophic
Puccinia hordei, but they have been reported to have an
increased susceptibility to necrotrophic Pyrenophora
teres f. sp. teres (Wright et al., 2013). This observation
suggests that HIR proteins may play a role in the cross-
talk between SA and JA. SA is generally responsible for
defense responses to biotrophs, whereas JA is involved in
defense responses to necrotrophs (Glazebrook, 2005).
Ectopic expression of OsHIRI and CaHIRI and overex-
pression of AtHIRI and AtHIR2 lead to increased resis-
tance to virulent P. syringae pv. tomato DC3000 (Jung
and Hwang, 2007; Qi ef al., 2011; Zhou et al., 2010). T-
DNA-knockout lines of AtHIR2 and AtHIR3 consistently
exhibit reduced resistance to avirulent P. syringae pv.
tomato AvrRpt2 (Choi et al, 2011). Similarly, virus-
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silenced (VIGS) TaHIRI- and TaHIR3-knockdown
leaves have a less intense HR, better pathogen perfor-
mance and an overall decrease in PR gene transcription
compared with the control after infection with the aviru-
lent strain of Puccinia striiformis f. sp. tritici. In contrast,
infection of VIGS-CaHIRI-pepper leaves by both viru-
lent and avirulent strains of Xanthomonas campestris pv.
vesicatoria leads to reduced callose deposition and elec-
trolyte leakage but an increased level of SA and the tran-
scription of PR genes, which together result in improved
pathogen resistance (Choi ef al., 2011).

In rice cells overexpressing BI-1, a cell death suppres-
sor that increases plant tolerance to several stresses and
signalization of which involves ROS formation, the asso-
ciation of OsHIR1, OsHIR3, and OsHIRS5 as well as
OsFlot with the DRM is markedly reduced, although
their transcription level is not affected. Accordingly,
knockdown or KO mutants of OsHIR3 (or OsFlot)
exposed to oxidative stress (induced by menadione or
SA) exhibit reduced cell death (Ishikawa et al, 2015).
Oxidative stress generally increases AfHIR transcription
(Figure 2), and because the oxidative burst is one of first
steps in the HR, it is possible that the action of HIR
occurs through ROS production and that proper func-
tioning of HIRs may be dependent on their localization
in the membrane microdomains.

D. HIRs physically and functionally interact with
leucine-rich repeat proteins

Similar to mammalian flotillins and erlins, all isoforms of
AtHIRs form homo and heterooligomers in vitro. All
possible pairwise combinations of single isoforms have
been detected (Qi et al., 2011). Oligomerization may lead
to the clustering of HIR molecules, giving rise to the pro-
tein scaffolds of microdomains. Binding of AtHIRs to
other protein molecules may occur in coiled-coil regions
within AtHIR molecules. Using web predictors, coiled-
coil motifs were identified in amino acid sequences of all
AtHIR isoforms with the exception of AtHIR3 (Figure 1)

HIRs have been reported to physically and function-
ally interact with leucine-rich repeat (LRR) superfamily
proteins. In rice, an interaction of OsHIR1 with OsLRR1
was found in a Y2H screen. Furthermore, a Y2H screen
showed that OsHIR1 can bind to AtLRR1 (At5g21090,
an OsLRR1 homolog) and OsLRRI can bind to AtHIR1
(Zhou et al., 2009). Overexpression of OsLRRI upregu-
lates OsHIR1 expression and increases the localization of
OsHIRI on the plasma membrane (Zhou ef al, 2010).
Similarly, CaLRRI interacts with CaHIR1 in plasma
membrane microdomains in pepper leaves and CaLRR1
overexpression results in increased CaHIRI transcription
(Choi et al., 2011). Binding to CaHIR1 is provided by the
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LRR domain of CaLRR1 (Jung and Hwang, 2007).
Ectopic expression of OsLRRI in A. thaliana or overex-
pression of CaLRRI in pepper lead to the upregulation
of PR genes and increase resistance of leaves to the
pathogens Xanthomonas campestris pv. vesicatoria and
P. syringae pv. tomato DC3000, respectively (Choi et al.,
2011; Zhou et al, 2009, 2010). By contrast, CaLRRI is
downregulated in response to CaHIRI overexpression.
In VIGS-CaHIRI leaves, the level of CaLRRI transcrip-
tion together with the SA content is increased to a much
greater extent during incompatible interactions, which
result in increased pathogen resistance (Choi et al.,
2011). Thus, LRR proteins stimulate the increased HIR
protein level in rice and pepper, while HIR negatively
regulates LRR expression in pepper. LRR seems to atten-
uate the function of HIR in the development of necrosis
because the co-overexpression of CaHIRI and CaLRRI
results in a less intense HR compared with CaHIRI over-
expressing leaves during treatment with benzothiadia-
zole, an HR elicitor (Jung and Hwang, 2007).

AtHIR1 and AtHIR2 were found to bind RPS2
(At4g26090) (Qi ef al., 2011). RPS2 belongs to the nucle-
otide-binding-LRR subclass of LRR proteins (Bent et al.,
1994). It is a resistance protein that binds to RIN4 pro-
tein (At3g25070), a target of the bacterial effector
AvrRpt2. When RIN4 is absent, RPS2 promotes HR
(Axtell and Staskawicz, 2003; Mackey et al., 2003). Thus,
AtHIR] and AtHIR2 play an important role in ETI.

E. HIRs are parts of protein complexes

As mentioned above, AtHIR1 and AtHIR2 were found to
be components of a RPS2-based protein complex that
also contained RIN4; a receptor-like kinase (At4g08850);
aquaporin PIP1;2 (At2g45960); phototropin 1 and 2
(At3g45780 and At5g58140); patellin-1 (Atlg72150)—a
phosphoinositide-binding carrier protein; epithiospeci-
fier modifier 1 (At3g14210), which mediates isothiocya-
nate production during glucosinolate hydrolysis; and
heavy metal ATPase 3 (At4g30120) (Qi and Katagiri,
2009). Because these proteins were co-purified together
with RPS2, it is possible that at least some of the proteins
within this protein complex interact with AtHIR1 or
AtHIR2. The transcription of both AtHIRI and AtHIR2
increases during drought and salt stress, whereas the
other two isoforms are slightly downregulated under
these conditions (Figure 2). Together with the mentioned
co-purification of both isoforms in a complex with
PIP1;2, these findings suggest a possible effect of AtHIR1
and AtHIR2 on water uptake or transport. Similarly,
within the HIR-related protein-based microdomains of
E. huxleyi, several co-occurring proteins have been iden-
tified, including porin, the H*-PPase pump, the
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mitochondrial import receptor subunit, heat shock pro-
tein, nitrate transporters, actin, histone, and many chlo-
roplast proteins (Rose et al,, 2014).

Phospholipase D § (PLDS§, At4g35790) has been reported
to pull-down AtHIRI together with clathrin heavy chain
(At3g08530/At3g11130), heat shock protein 70 (At1g56410/
At3g09440/At3g12580/At5g02490/At5g02500), ATP syn-
thase subunits o« (AtMg01190) and B (At5g08670/
At5g08680/At5g08690), actin 7 (At5g09810), and S-tubulin
(At4g20890/At5g23860/At5g44340/ At5g62690/At5g62700)
(Ho et al,, 2009). PLDé is involved in several signaling pro-
cesses, including drought, cold and frost, salt and water
stress, oxidative and UV-B-induced damage, and biotic
stress, particularly during the penetration of fungi into
plants (Bargmann et al,, 2009; Katagiri et al, 2001; Kawa-
mura and Uemura, 2003; Li et al.,, 2004; Pinosa et al., 2013;
Wang, 2005), and this interaction may suggest a broader-
spectrum function of AtHIR1. This suggestion is supported
by the altered AtHIR transcription in response to UV-B,
cold, drought, salt, and oxidative stress (Figure 2). AtPLD
participates in the maintenance of root elongation during
phosphate deficiency (Li et al., 2006a) by recycling phos-
phate via phospholipid cleavage, which is then replaced
with galactolipids in membranes (Cruz-Ramirez et al., 2006;
Li et al., 2006a, b). The transcription of all four AtHIR iso-
forms increases in response to phosphate deficiency
(Figure 2), suggesting the involvement of AtHIR in this type
of adaptation to low nutrient conditions.

The AtHIR4 content in DRM is reduced and its content
in the detergent-soluble membrane fraction is increased
after treatment with cytochalasin D, an actin polymerization
inhibitor (Szymanski et al, 2015). Because AtHIR1 was
found in the AtPLDS$ interactome together with actin 7 (Ho
et al., 2009), it is possible that AtPLD§ functions as a bond-
ing bridge between AtHIRs and actin filaments, This inter-
action may determine the AtHIR microdomain pattern and
its possible rearrangement during stress signaling. AtHIRs
may be either directed to microdomains via oriented trans-
port along actin filaments and/or retained at certain posi-
tions by actin bundles in cortical cytoplasm adjacent to the
plasma membrane (Szymanski et al, 2015). AtHIRs have
been found to bind to AtAHK2, a cytokinin receptor, and
Sieve element occlusion related protein 2 that participates in
P-protein formation (Table 1). Considering that AtHIR2 is
upregulated by zeatin (Figure 2), these results suggest the
potential involvement of AtHIR in cytokinin signaling,

V. Conclusions

Mammalian flotillins have recently been proven to play
roles in many important processes, including membrane
microdomain organization, endocytosis, signal transduc-
tion, cholesterol uptake, or intercellular communication.



Human erlins are involved in the modulation of IP3 sig-
naling and ER-associated protein degradation. In plants,
less is known about flotillins, and there is a complete
lack of information for erlin.

However, plant flotillins exhibit features similar to
human ones in terms of their occurrence in membrane
microdomains, participation in clathrin-independent
endocytosis or interactions with receptor kinases. Experi-
mentally obtained data for the binding of A. thaliana
proteins to flotillins and for the expression of AtFlot sug-
gest the presence of additional functions such as cell sig-
naling, pathogen responses, water and/or ion uptake
control, vesicular transport, and protein trafficking.
AtFlotl has been shown to be involved in sterol uptake
via the plasma membrane, and AtFlot2 and AtFlot3 have
been observed to bind phospholipases and sphingosine
kinase. AtFlots may thus affect three lipid components
that are all established to increase membrane order and
are pivotal for the membrane microdomain identity.
Thus, flotillins may be crucial for determining these
microdomains.

In most cases, HIR proteins present on the plasma
membrane have been shown to promote the hypersensi-
tive response after bacterial or fungal infection, thus
playing an important role in plant resistance to patho-
gens. HIRs have been confirmed to interact with LRRs in
pepper, rice, and A. thaliana. The ratio of HIR to LRR
expression affects the plant response to infection. A.
thaliana HIRs are part of protein complexes containing
phospholipase D, cytoskeletal proteins, and ATPases,
among others. The transcription data support the possi-
ble involvement of AtHIRs (apart from the response to
pathogen attack) in some abiotic stress reactions, such as
cold, UV-B, hyperosmotic stress, nutrient deficiency,
and both oxidative stress and hypo/anoxia, as well as in
hormone signaling. Moreover, two AtHIR isoforms bind
to the cytokinin receptor.

VI. Future perspectives

To better understand the functions of plant flotillin, the
first step would be experimental in planta verification of
the putative protein interactions of AtFlots (Table 1)
using fluorescence and confocal microscopy techniques
such as Forster resonance energy transfer (FRET),
fluorescence lifetime imaging (FLIM) or bimolecular
fluorescence complementation (BiFC). Because these
techniques are based on different principles, each is faced
by specific limitations. FRET and FLIM allow the detec-
tion of direct interactions because they are sufficiently
effective for identifying a distance between fluorophores
that does not exceed 10 nm. To obtain relevant results,
the concentration of fluorescent-labeled interaction
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partners must be high enough to permit clear detection.
However, assuming that AtFlots are present at the
plasma membrane in spatially limited microdomains,
expression levels and molecule contents that are too high
could lead to “crowding” of the molecules within these
areas, resulting in false-positive FRET. False-positive as
well as false-negative FRET results may also be obtained
when the expression of the donor and acceptor-fused
proteins is unbalanced. Thus, great care must be taken in
terms of the gene expression of the protein partners
(Xing et al., 2016). Cloning both partners fused to fluoro-
phores within one expression cassette or under one pro-
moter in multicistronic vectors containing the sequence
for 2A self-cleaving peptide may aid in preparing trans-
formants with a suitable expression ratio.

BiFC is prone to exhibiting false-positive results
because of irreversible self-assembly of the fluorophore
employed, which is why it is vital to apply the appropri-
ate negative controls and rather low expression levels by
using, e.g., native promoters. However, BiFC may enable
the detection of transient and weak interactions because
they are stabilized through the re-assembled fluorophore.
It can also be applied to visualize indirect interactions
between proteins (Xing et al., 2016). Ratiometric BiFC
(rBiFC) involving internal control of the transformation
and expression efficiency and thus allowing proportional
quantification should be used preferentially (Grefen and
Blatt, 2012). When applying BiFC to membrane-
anchored proteins (ie., flotillins and HIRs), steric con-
straints that impede split fluorophore reassembly may
occur because the anchored proteins may not freely
rotate and the split fluorophore fragments may not be
able to assume the appropriate position for reassembly.
This phenomenon can be, to a certain extent, overcome
by using sufficiently long linkers.

Both FRET/FLIM- and BiFC-positive results should
be verified by co-immunoprecipitation assays. In addi-
tion to the widely used western blot detection, single-
molecule pull-down assays using protein bait immobi-
lized on a microscopic slide and total internal reflection
fluorescence imaging (TIRF) were also recently intro-
duced in plant science, allowing the determination of not
only the interaction itself but also its dynamics and the
stoichiometry of the proteins that form the complexes
(Husbands et al., 2016).

The dynamics of these interactions (e.g., dissociation or
formation of the protein complexes) under various condi-
tions can be further addressed using particle analysis tools
such as fluorescence cross-correlation spectroscopy
(FCCS), which analyzes the fluctuation of fluorescent par-
ticles in a small defined confocal volume and thus provides
information about the particle dynamics or concentration
on a single-molecule level within microsecond-to-second
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timescales. Its application is, however, limited to particles
with a diffusion coefficient of no less than 0.1 pm?* s™%
Thus, it is biased toward faster moving molecules when
used to measure lateral mobility due to photobleaching of
the slow and methodological “invisibility” of immobile
molecules lingering within the confocal volume. In fact,
this phenomenon might concern at least some AtFlots
because the AtFlot1 diffusion coefficient has been approxi-
mately hundredths of em? s™" under different conditions,
as determined by TIRF acquisition and subsequent track-
ing of fluorescent foci (Li et al., 2012). In the case of stable
molecules and complexes, raster image cross-correlation
spectroscopy (RICCS) permits the analysis of particle dif-
fusion coefficients as low as 0.001 pm?s™! (Digman et al.,
2005). The correlation spectroscopy methods require low
(typically nanomolar) concentrations of fluorophores, sup-
porting the use of the native promoters of the analyzed
proteins, which would also avoid possible artifacts caused
by overexpression. Both methods have been previously
applied in analyses of plant membrane proteins (Lankova
etal,2016;Lietal,2013).

Because many proteins are known to form membrane
microdomains, the question is whether some of these
microdomains overlap with SPFH protein-based ones.
Electron microscopy and super-resolution imaging tech-
niques could be a great asset to more precisely describe
the organization of plant flotillin and HIR microdo-
mains. For example, the stimulated emission depletion
technique can reveal a substantially smaller size of potato
remorin microdomains compared with the same micro-
domain size obtained using “standard” confocal micros-
copy (Demir et al., 2013).

The previously reported involvement of AtFlotl
microdomains in endocytosis requires further explora-
tion. One strategy is to focus on differences between
flotillin and the well-described clathrin-mediated endo-
cytosis in terms of their cargo specificity or their depen-
dence on cytoskeleton or phosphorylation (which is
known to be important for flotillin endocytosis in
mammalian cells). The latter two may be addressed
using specific inhibitors and cytoskeletal drugs.

Because membrane microdomains are characterized
by their distinct lipid composition, it would be very
interesting to assess the ability of plant SPHF proteins
to bind these lipids. Because we revealed several
CRAC/CARC motifs within each A. thaliana SPFH
protein sequence, detection of phytosterol binding to
these proteins should be explored. Another important
group of membrane lipids that seems to be associated
with plant flotillins are sphingolipids. AtFlot3 binds
to sphingosine kinase, and concomitant alteration of
glucosylceramide and rice flotillin and HIR content is
detected in the DRM. Binding assays using lipid strips
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and purified proteins can be used to determine
whether plant SPFH proteins really bind to these
membrane lipids. Surface plasmon resonance would
be the next step to better characterize the binding
process. Moreover, in the case of cholesterol, it would
be possible to explore whether the CRAC/CARC
motifs serve to bind to phytosterols in plants because
these motifs have, to date, only been reported to bind
cholesterol in animal cells.

One of the properties in which defined membrane
microdomains may differ is the lipid order. An interest-
ing question emerges concerning whether this difference
is a prerequisite for plant SPFH protein localization or
vice versa. Using cells with different expression levels of
plant SPFH proteins (ie., loss-of-function mutants,
ami-RNA lines, and (inducible) overexpressors, among
others) and simultaneous monitoring of local fluctua-
tions in the membrane lipid order using fluorescent dyes
that exhibit different emission spectra when incorpo-
rated into a more ordered or disordered membrane
environment (e.g., Laurdan, di-4-ANEPPDHQ) is an
effective tool for ascertaining the relationship between
flotillins and HIRs and the establishment of areas of dif-
ferent lipid orders in membranes.

Ubiquitination is a substantial pathway that controls
specific protein activity. The prominent role of the mam-
malian erlin complex in ubiquitination and degradation
of activated IP3R could be a clue for discovering the
identity of plant IP3R, which has not yet been found,
although its activity, which is similar to that in animals,
has been well reported in plants. A thorough analysis of
the ubiquitinated proteome and its differences in wild
type compared with KO AtELP might identify the pro-
tein targets of AtELP-mediated ubiquitination activity,
which might include a putative IP3R. However, this
approach assumes the same activity of mammalian erlin
and its plant homolog toward mammalian IP3R and its
plant counterpart. This assumption may not reflect the
real situation because plant IP3R is not likely to be a
sequence homolog of mammalian IP3R. AtFlot2 and
AtFlot3 also bind to proteins involved in ubiquitination
and proteasome degradation. An investigation of protein
targets (using the same approach applied for AtELP) and
their function can also suggest the possible involvement
of AtFlots in these functions. Moreover, ubiquitination
also serves as a signal that results in protein internaliza-
tion, as reported for the brassinosteroid receptor and the
iron transporter (Barberon et al, 2011; Martins et al,
2015). An analysis of the ubiquitinated proteome
obtained from immunopurified AtFlot-positive endo-
somes may thus be a possible way to identify cargo pro-
teins that have been internalized via AtFlot-dependent
endocytosis.



Abbreviations

ABA abscisic acid

AF antisecretory factor

AHK2  histidine kinase 2

ARM armadillo repeat

AtELP  Arabidopsis thaliana erlin-like protein

BFA brefeldin A

CARC inverted CRAC

CRAC  cholesterol recognition/interaction amino
acid consensus sequence

DRM detergent-resistant membranes

EF-Tu  elongation factor thermo unstable

EGF epidermal growth factor

EGFR epidermal growth factor receptor

ER endoplasmic reticulum

ERAD endoplasmic-reticulum-associated
degradation

ESCRT  endosomal sorting complexes required for
transport

ETI effector-triggered immunity

Fhal filamentous hemagglutinin-like protein 1

FM4-64 N-(3-triethylammoniumpropyl)-4-(6-(4-
(diethylamino) phenyl) hexatrienyl) pyridi-
nium dibromide

GFP green fluorescent protein

GLUT4  glucose transporter type 4

GPI glycophosphatidylinositol

HR hypersensitive response

HIR hypersensitive induced reaction
protein

1P3 inositol 1,4,5-trisphosphate

IP3R inositol 1,4,5-trisphosphate receptor

JA jasmonic acid

LRR leucine-rich repeat

LYK3 lysin motif receptor-like kinase 3

MAMP  microbe-associated molecular pattern

MeJA methyl jasmonate

MyoBl  myosin-binding protein 1

NPCIL1 Niemann-Pick C 1-likel

PAMP  pathogen-associated molecular pattern

PHB prohibitin homology

PLDS phospholipase D §

PIP2;1 plasma membrane intrinsic protein 2;1

PIP1;2  plasma membrane intrinsic protein 1;2

PRR pathogen recognition receptor

PR pathogenesis-related

PTI PAMP-triggered immunity

RbohD  respiratory burst oxidase D

RIN4 resistance to Pseudomonas syringae pv. macu-
licola 1-interacting protein 4

ROS reactive oxygen species

RPS2 resistance to Pseudomonas syringae protein 2
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SA salicylic acid

SNARE  soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptor

SPFH stomatin/prohibitin/flotillin/HfIK/C

VIGS virus-silenced gene silencing

WAK wall-associated kinase

Y2H yeast two-hybrid screening

YFP yellow fluorescent protein
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Plasma membrane structure and dynamics mainly in plants

In the original proposition, the fluid mosaic model of cellular membranes considered lipid bilayer
a liquid environment in which membrane proteins are embedded and their behaviour is from a
major part affected by the interaction with lipids of the bilayer with additional minor contribution
of oligosaccharides bound to the proteins. Clustering of proteins within the membrane was
already observed in the original paper even though monomolecular distribution in the fluid bilayer
was supposed to occur under normal conditions while redistribution into clusters was proposed
to happen upon protein modification (Singer and Nicolson, 1972).

Over the following decades the model has been revised and additional cell compartments
have been taken into account to take part in the membrane organization. Effect of cytoskeleton
components on membrane protein mobility by binding or steric confinement (Kusumi and Sako,
1996) as well as the restriction of mobility of phospholipids by F-actin (Fujiwara et al., 2002) are
summarized in the picket and fence model of PM. Membrane component is there limited in its
free movement in a restricted area delimited with cytoskeleton network (fences) underlying PM
which is attached to PM by interaction with transmembrane proteins (pickets). The fences can be
overcome by so called hop diffusion, however such an event is far less probable for objects of a
higher size such as oligomers or protein complexes which can thus be immobilized (Ritchie et
al., 2003). The model is supported by the fact that pharmacological alteration of cytoskeleton was
reported to affect performance of several PM localized proteins also in plants. Microtubule (MT)
depolymerisation decreased the density of microdomains defined by remorins without abolishing
the microdomain identity (Szymanski et al., 2015, Liang et al., 2018), whereas actin
depolymerisation induced the loss of microdomain localisation pattern which became
homogeneous (Szymanski et al., 2015). Both tubulin and actin depolymerisation led to decrease
of mobility of AtfFLOT1 and AfHIR1 (Li et al., 2012, Lv et al., 2017b) and also to an increase of
microdomain density in ArHIR1 (Lv et al., 2017b). Moreover, the movement of AfHIR1
fluorescence spots was confined within the areas delimited by cortical MTs (Lv et al., 2017b).
On the other hand, cytoskeleton disruption increased single particle mobility of AfFLS2 while
there was no effect on mobility of AfLTi6b or 4fPIN3 (McKenna et al., 2019) which suggests that
there is no general impact of cytoskeleton on PM protein dynamics.

In plant cells, an additional confinement mechanism for PM protein mobility was
observed — the cell wall (CW). CW structure disruption induced by pharmacological approach
increase mobility and microdomain size of 4PIN3 and AfFLS2 (McKenna et al., 2019). Cellulose
synthesis inhibition or digestion of CW polysaccharides as well as by plasmolysis which leads to
separation of PM from CW was reported to increase the mobility of 4¢PIN1 (Feraru et al., 2011),

GPI-anchored GFP or GFP fused to extracellular terminus of a transmembrane domain
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(Martiniere et al., 2012). Similarly, water transporter A/PIP2;1 mobility was increased under
osmotic challenging and mild plasmolysis (Hosy et al., 2014). Interestingly, plasmolysis had no
effect on mobility of common PM marker protein At Ti6b (Hosy et al., 2014) while cellulose
synthesis inhibition even decreased the mobility of the protein (Martiniere et al., 2012). The effect
of PM and CW separation on the individual protein mobility may be also indirect as plasmolysis
induces depolymerisation of actin filaments (Tolmie et al., 2017, Yu et al., 2018) which can also
influence the PM-associated protein behaviour (see above).

Differential lipid and protein composition in different areas of PM was observed resulting
in the concept of lipid rafts, membrane platforms of higher order enriched in sphingolipids and
sterols which can recruit and cluster signalling proteins (Simons and Ikonen, 1997). The local
sequestration of phosphatidylserine visualized using genetically encoded sensor into nanoclusters
within PM has been recently observed by sptPALM approach (Platre et al., 2019). Relatively few
reports have been made so far on the effect of lipid alteration on PM microdomain proteins by in
vivo approaches. Among these, pharmacological sterol sequestration from PM or alteration of
sterol, phosphoinositide or sphingolipid synthesis inhibited clustering of a SfREM1.3 at PM
(Gronnier et al., 2017) but promoted relocalization into larger clusters followed by overall
decrease in foci density in A¢PIP2;1 (Li et al., 2011) and AzRbohD (Hao et al., 2014). Alteration
of phosphatidylserine levels changed the clustering of AfROP6 (Platre et al., 2019). In AfFLS2,
AtFLOT1 and ArHIR1 sterol sequestration decreased the mobility of the proteins when
determined by sptTIRF/VAEM (Li et al., 2012, Lv et al., 2017b, Cui et al., 2018).

The proteins observed in microdomains are also often present in so called detergent-
resistant membranes — DRM (also termed detergent-insoluble membranes — DIM), i.e. membrane
fraction resistant to solubilisation with mild detergents such as Triton X-100 (Borner et al., 2005)
or Brij-98 (Demir, 2010). This often leads to erroneous impression that membrane
micro/nanodomains and DRM are interchangeable counterparts (e.g. (Mongrand et al., 2004).
Besides protein accumulation DRM are also enriched in specific lipid classes such as sterols,
polyphosphoinositides and glucosylceramides (Furt et al., 2010) however it is important to keep
in mind that the concomitant separation of lipids and proteins into DRM is heavily impacted by
the extraction conditions (Guillier et al., 2014) and DRM should be rather considered as a
systematic artefact (yet valuable) since colocalization or simultaneous enrichment of such lipids
and proteins was hardly ever observed in vivo. However, reduced DRM-associated proteome was
observed in plants deficient in synthesis of sphingolipids (Nagano et al., 2016) or under sterol
depletion (Demir et al., 2013). The association of a given protein with DRM may be affected by
lipidation (Sorek et al., 2017) or phosphorylation (Demir et al., 2013). AfFLOT1, ArHIRI,
AtHIR2 and ArHIR4 were identified enriched in DRM (Borner et al., 2005). OsFLOT was
depleted from DRM in lines with lowered synthesis of sphingolipid while it was enriched in DRM
in wild type rice (Nagano et al., 2016).
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In artificial unilamellar vesicles prepared from lipid mixtures lipids can separate in
distinct regions different in so called membrane or lipid order. Liquid-ordered phase (L) is
enriched in rather saturated, long acyl chain lipid species which are more tightly and regularly
organized while liquid-disordered phase (Lg4) is more fluid and contains higher portion of
unsaturated lipids (Veatch and Keller, 2003, Kaiser et al., 2009). Membrane order can be in vivo
measured using fluorescence dyes which change their emission based on the order of membranes
in which they are incorporated such as Laurdan or Di-4-ANEPPDHQ (Amaro et al., 2017). Sub-
micrometer regions of higher membrane order were observed in vivo in spruce pollen tube (Liu
et al., 2009) and epidermal leaf cells of tobacco (Gronnier et al., 2017). The main lipid species
contributing to the change of order in artificial vesicles constituted from the mixture of
phospholipids are in plants phytosterols while the sphingolipids do not induce significant
alteration unless they are combined with phytosterols (Grosjean et al., 2015, Cacas et al., 2016).
The effect of sterols was also observed in vivo in actual PM where sterol complexation induced
by filipin increased the membrane order (Bonneau et al., 2010) while depletion of sterols
promoted a decrease in order (Gerbeau-Pissot et al., 2014). Membrane order is also decreased by
the presence of proteins in PM whereas CW or cytoskeleton disruption or overall inhibition of
phosphorylation did not affect the order (Grosjean et al., 2018). Membrane microdomains formed
by SIREM1.3 or PmNOX preferentially colocalized with PM areas of higher order (Liu et al.,
2009, Gronnier et al., 2017). The lipid species are asymmetrically distributed between the inner
and outer leaflet of PM (Tjellstrom et al., 2010) and sterols and sphingolipids were proposed to
form subregions of higher order within PM spanning from outer to inner leaflet by so called
interdigitation of long acyl chains of the lipids in these regions (Raghupathy et al., 2015, Cacas
et al., 2016). Effect of phospholipids on membrane identity or mobility was described in 4/ROP6
(Platre et al., 2019) and SYREM 1.3 (Gronnier et al., 2017).

Human flotillins interact with cholesterol by recognition/interaction amino acid
consensus (CRAC) motifs (Roitbak et al., 2005). We found several putative CRAC motifs also
in the sequences of AfFLOTs and A¢fHIRs (Dané¢k et al., 2016), however experimental
confirmation of such interaction still remains to be carried out. However, CRAC motif was
proven to be crucial for PM microdomain localization in MxIRT1 as well as for its enrichment in
DRM (Tan et al., 2018) which suggests that CRAC motif may apply in phytosterol binding in
plants too. Interestingly Arabidopsis lines with decreased expression of AfFLOT1 showed lower
amounts of sterols present in PM (Li et al., 2012) together with decrease of PM order (Zhao et
al., 2015). Moreover, murine FLOT1 is important for trafficking of sphingosine, a sphingolipid
precursor, to PM and enrichment of sphingolipids in DRM (Riento et al., 2018). These findings
indicate that the relation between FLOTSs and lipids may be double-sided, i.e. that proteins can
also affect lipid fate in addition to the directions from lipids to proteins which seems to be

prevailing research approach.
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Plasma membrane micro/nanodomains in plants

With the ongoing progress in live imaging techniques many membrane-associated proteins are
revealed to be unevenly localized throughout PM while they are found to form clusters or distinct
fluorescent foci termed membrane microdomains or nanodomains. The latter term reflects the
fact that the actual dimensions of the observed clusters is usually below one micrometre.
Although the both terms are often used interchangeably in the literature my opinion is that the
terms should be used not only based on the determined size (that can be ex post measured at the
obtained images) but also the technique by which they were detected or analysed. In other words,
approaches allowing the distinction at nanometre scale (reasonably called “nanoscopy”: STED,
STORM, PALM, MINFLUX, or the ones enabling single particle tracking such as TIRF/'VAEM
really provide the information about the domain at nanoscale while confocal techniques (which
we used) with resolution in hundreds of nanometres provide the information on micrometre scale
and the observed structures should be referred as “microdomains”, which is the term I will use
describing the achievement of the presented work.

Besides FLOTSs and HIRs, plant proteins observed to form PM microdomain are involved
in variety of functions such as transport: AtfSLAC1, AtSLAH3, APIP2;1, AtKAT1, AtSUTI,
AtPIN2, AtAMT1;3 (Demir et al., 2013, Retzer et al., 2017, Jarsch et al., 2014, Kriigel et al.,
2008, Wang et al., 2013); cellulose synthesis: AfTCESA3, AtCESA6, AtKOR1, AtPOM2 (Bashline
et al., 2015, Worden et al., 2015); clathrin-mediated endocytosis: 4tCLC2, AtAP2, A{TWD40-2,
AfDRP1A, ArDRP1C (Konopka et al., 2008, Konopka and Bednarek, 2008, Li et al., 2011,
Bashline et al., 2015); (de)phosphorylation: A¢tABI1, AtCPK21, AfROP6 (Demir et al., 2013,
Platre et al., 2019); ROS productions: AfRbohD, PmNOX (Liu et al., 2009, Hao et al., 2014);
light sensing: AfPHOT1 (Xue et al., 2018) or receptor recognition and subsequent signalling:
AtFLS2, ABRI1, ABIK1, ABSK1, MLLYK3 (Haney et al., 2011, Wang et al., 2015, Biicherl et
al., 2017). Prominent plant-unique protein family with many isoforms described as microdomain-
associated are remorins (Raffaele et al., 2009, Jarsch et al., 2014, Gronnier et al., 2017, Biicherl
et al., 2017). AfREM1.3 was found to interact with 4¢HIR1 (Lv et al., 2017b).

AtFLOT1 microdomains partially colocalized with the ones of 4fRbohD (Hao et al.,
2014), AP1P2;1 (Lietal., 2011), AtAMT1;3 (Wang et al., 2013), A/BRI1 (Wang et al., 2015) and
AtFLS2 (Cui et al., 2018). In the last two mentioned cases, the colocalization was increased after
the treatment with epibrassinolide or flg22, respectively, i.e. by the ligands recognized by the
receptor proteins. Together with the findings that upon flg22 treatment AfFLOT1 microdomains
were more mobile, the protein was to a greater extend endocytosed and degraded or callose
deposition was lowered in AtFLOT 1 knock-down lines (Yu et al., 2017) it is possible that AfFLOT

roles comprise functional association with receptor like kinases.
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Aims and Questions

The overall goal of the project was originally to find and describe physiological functions of
AtFLOTs and AfHIRs in A. thaliana. As HIR roles in plant-pathogen interactions are well
documented not only in Arabidopsis, we later focused mainly on AfFLOTs. For that purpose, we

chose three experimental approaches corresponding with three major questions:

(i) What are the physiological cues in which AfFLOTSs and ArHIRs are involved?

To address this questions we performed a battery of phenotyping assays using the loss-of-function
T-DNA insertion mutant. Treatments were selected in line with the data obtained from
Genevestigator where an increase was indicated for AzFLOTs and AtHIRs expression.

(Paper #2)

(i1)) What are the protein interacting with A¢7FLOTs?

We supposed that the interactome of a protein could suggest its functions based on the known
roles of the interactors. We decided to assess the interactome of AfFLOT2 as only little was
published about this protein.

(Paper # 3)

(iii)) Which are the localization characteristics of AfFLOT and A7HIR single isoforms? Are
there differences between individual isoforms? Which factors determine the protein

localization or dynamics?

We observed stable lines expressing fluorescently tagged isoforms of AtfFLOTs and ArHIRs. We
assume that the cues that would provoke changes in a given protein mobility or localization

pattern could point us to the direction of its function.

(Paper — manuscript # 4)
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Results

The obtained results are presented in form of two published papers and one submitted manuscript.
The order and topic of the papers corresponds with the three areas of the study mentioned in Aims
and Questions. In the Paper # 2 we report our results gained in the transcription analysis of
AtFLOTs under different stimuli and in phenotypic screen of single loss-of-function mutants of
AtFLOTs under several treatments. In the Paper # 3 we attempted to determine protein interactors
of AtFLOT2 by co-immunoprecipitation followed by mass-spectrometry analysis and verification
of the direct interactions using split-ubiquitin system. We hoped that the revealed putative protein
partners could help us find AfFLOT?2 function. Finally, in the manuscript of Paper # 3 we focused
on the whole group of 4fFLOTs and AfHIRs from the point of their behaviour in the cell. For that
we used several approached of confocal observation of single isoforms tagged with fluorescent

proteins.
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Abstract

Plant flotillins, a subgroup of the SPFH domain protein superfamily, consist of three proteins, AfFLOT1, AfFLOT2, and
AFLOTS3 in Arabidopsis thaliana. The exact functions of flotillins in plant cell has not been established yet. In this study
we focused on the role of flotillins in response to both abiotic and biotic stresses and on the response to phytohormones
abscisic acid and 1-naphthalene acetic acid (NAA) in A. thaliana. We observed transcriptomic changes of AtFLOT genes
in response to high salinity and cold, treatment with 22-amino acid peptide from N-terminal part of flagellin (flg22), and
after infection with Botrytis cinerea. Transcription of AtFLOT2 increased up to 60 times after flg22 treatment. Also,
treatment with B. cinerea increased transcription of AtFLOT! 10 times and of AtFLOT3 14 times. Furthermore, we used
T-DNA knock-out single mutants for all three A. thaliana flotillins and we measured root growth in response to high
salinity, cold, phosphate starvation, nitrogen starvation, and abscisic acid and NAA treatments. Subsequently, we
measured the reactive oxygen species production and callose accumulation after the treatment with flg22. Next, we
performed resistance assays to Pseudomonas syringae pv. tomato DC3000 and B. cinerea. In contrast to transcriptomic
changes, knocking-out of only single FLOT gene did not lead to significant changes in response to all tested stresses.

Additional key words: abscisic acid, auxin, Botrytis cinerea, callose, cold, nutrient starvation, Pseudomonas syringae, ROS, salinity.

Introduction

Plants evolved sophisticated, efficient, and complex
responses to both biotic and abiotic stresses. Plasma
membrane (PM) serves as a highly exposed platform for
responses to stress factors. Receptors responsible for
recognition of threats are often present on PM (Ott 2017).
Within PM, the crucial role has its compartmentalization
to macro, micro, and nanodomains (Sekeres et al. 2015). It
was shown that membrane microdomains are important for
membrane trafficking, signal transduction, and response to
pathogen attack (Lefebvre er al. 2007, Liu et al. 2009,

Wang et al. 2015, Bucherl et al. 2017).

Plant flotillins along with prohibitins (PHB) belong to
the stomatin/prohibitin/flotillin/HfIK/C (SPFH) domain
(also known as Band 7 domain) protein superfamily.
Comparative genome analysis of this superfamily reveals
deep evolutionary origin and diverse gene functions (Di
et al. 2010). Flotillins are associated with membrane
microdomains and are commonly used as markers of
membrane microdomains in both mammalian and plant
cells. Flotillins occur not only on the PM but also were
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detected in endosomes (Glebov et al. 2006, Haney ef al.
2010, Li ef al. 2012, Jarsch et al. 2014, Yu et al. 2017).
Three members of flotillin protein family were identified
in A. thaliana, AFLOTI1 (At5g25250), AfFLOT2
(At5g52560), and A(FLOT3 (At5g64870). It should be
noted that in some literature the A/FLOT1 and 4/FLOT2
are affiliated as AfFLOT1a and A/FLOT]1b, respectively
(Jarsch et al. 2014). Yu et al. (2017) showed that AfFLOT1
and AfFLOT2 share 94 % similarity of amino acid
sequence and AfFLOT1 share 85 % similarity with
AFLOT3.

Flotillin functions were broadly studied and described
in yeasts and mammals; while the proper role of flotillins
in plants is still very barely understood. In plants flotillins
were shown to play important role in plant-microbe
interaction. In Medicago truncatula, seven genes encoding
flotillin-like proteins were identified (Haney ef al. 2010).
From those MtFLOT2 and MtFLOT4 were significantly
upregulated during early symbiotic events and play crucial
role in establishing the relationship between M. truncatula
and symbiotic nitrogen-fixing rhizobium Sinorhizobium

Materials and methods

Plants and cultivation: In this study we used Arabidopsis
thaliana wild type (WT) genotypes: Columbia-0 (Col-0)
and Wassilievska-4 (Ws-4) and mutants Atflot]
(SALK_203966C) and Atflor3 (SALK_143325C) with
Col-0 background, and A#flot2 (FLAG 352D08) with Ws-
4 background.

Surface-sterilized seeds were sown in Jiffyy 7 peat
pellets and plants were grown for four weeks in soil, under
a 10-h photoperiod, an irradiance of 90 - 120 pmol m? 57,
a temperature of 22 °C and a 70 % relative humidity. They
were watered with distilled water as necessary. Plants
grown in these conditions were used for reactive oxygen
species (ROS) determination and Pst DC3000 and Boirytis
cinerea treatments.

Further, A. thaliana seedlings were grown in liquid
Murashige and Skoog (MS) medium or on solid > MS
medium. The liquid MS medium contained 4.41 g dm~ MS
vitamins (Duchefa, Haarlem, The Netherlands), 5 g dm™
sucrose, and 5 g dm (N-morpholino) ethanesulfonic acid
(MES) monohydrate (Duchefa). The solid 2 MS medium
contained 2.2 g dm? MS basal salts (Duchefa) and
10 g dm? agar (Sigma-Aldrich, St. Louis, USA). Both
media were adjusted to pH 5.8 using 1| M KOH. For
cultivation in the liquid, surface-sterilized seeds were
sown in 24-well plates containing 0.4 cm?® of liquid MS
medium per well and 3 - 5 seeds. Plants were cultivated for
11 d under a 10-h photoperiod, an irradiance of 100 - 130
umol m? s and a temperature of 22 °C. On the 7" day,
the medium in the wells was exchanged for a fresh one.
Seedlings from liquid media were used for callose
analysis.

For the root length analysis, the seedlings were grown

ROLE OF FLOTILLINS IN RESPONSE TO STRESSES

meliloti. Additionally, co-localization of M(FLOT4-
mCherry with lysin motif receptor-like kinase 3 (LYK3)
was observed in inoculated roots (Haney et al. 2010). Yu
et al. (2017) showed that treatment of plants with flg22
leads to the increased degradation of A/FLOT1. Moreover,
accumulation of callose decreased in Afflor] amiRNAi
plants in response to f1g22 (Yu ef al. 2017). By contrast, to
our best knowledge, no data are available for the role of
flotillins in plant responses to abiotic stresses. /n sillico
transcription analysis performed using Genevestigaior®.
It was shown that gene transcription of AfFLOTS is
increased under various abiotic and biotic stresses (Danék
et al. 2016).

The present study was focused on the role of A?FLOTs
in response to following treatments: high salinity, cold,
nitrogen and phosphate starvation, abscisic acid (ABA),
l-naphthalene acetic acid (NAA), Pseudomonas syringae
(Pst) and Botrytis cinerea infection, and elicitors flg22 or
elf18. We analysed transcription of AtFLOTs in WT plants
together with knock-out T-DNA single mutants of flotillin
genes.

on solid medium in square plates (12 ¢cm side). The plates
with seeds were placed to 4 °C for 48 h. Then, the
seedlings were grown under a 16-h photoperiod, an
irradiance of 100 pmol m? s”!, and a temperature of 22 °C.
At 5" day, seedlings of similar size were transferred to new
plates and the length of root was marked. Experiments
were designed so that WT seedlings and the particular
mutant line were on the same plate. In one biological
replicate 20 seedlings for WT and 17 - 20 seedlings for
particular mutant line were used. At 7" day after transfer,
the root length increase was marked. For the 1-naphthalene
acetic acid (NAA) treatment, seedlings of similar size were
transferred to new plates at 4" day and at 4" day after
transfer, the root length increase was marked. The
experiments were performed in three biological repeats.

Transcriptomic analysis: For transcriptomic analysis,
seedlings were grown on solid 2 MS media in round plates
(6 cm in diameter) lying horizontally in a 16-h
photoperiod, an irradiance of 100 pmol m? s, and a
temperature of 22 °C. The seedlings (10 - 12 from each
plate) were harvested at day 11 and the tissue was stored
in liquid nitrogen. For one biological replicate 3 - 4 inde-
pendent samples were used.

Total RNA was isolated from frozen plant tissue using
the Spectrum Plant Total RNA kit (Sigma-Aldrich) and
treated with a DNA-free kit (dmbion, Austin, TX, USA).
Then | pg of RNA was used for reverse transcription to
¢DNA with M-MLV RNase H Point Mutant reverse
transcriptase (Promega, Fitchburg, WI, USA) and
anchored oligo dT21 primer (Metabion, Martinsried,
Germany). Gene transcription was quantified by g-PCR

145

42



K. KROUMANOVA ef al.

using LightCycler 480 SYBR Green I Master kit and
LightCycler 480 (Roche, Basel, Switzerland). The PCR
conditions were: 95 °C for 10 min, followed by 45 cycles
of 95°C for 10 s, 55 °C for 20 s, and 72 °C for 20 s,
followed by a melting curve analysis. Relative
transcription was calculated with normalization to the
housekeeping gene TIP41-like (At4g34270). The list of
primers is in Table 1 Suppl.

Abiotic stresses: Under following abiotic stress
conditions root length was measured. Seedlings were
scanned at day 7 after transfer. Root length was analysed
using software JMicroVision®. In selected cases
transcription of AtFLOT genes was analysed as well.

For high salinity, the seedlings were grown on 2 MS
solid medium containing 100 mM NaCl. For gene
transcription analysis 11-d-old seedlings were flooded
with 150 mM NaCl dissolved in liquid > MS medium for
3 h. As a control seedlings were flooded with 2 MS liquid
medium.

For cold treatment, the seedlings were grown on %2 MS
solid medium at 14 °C and control seedlings at 22 °C. For
gene transcription analysis, 11-d-old seedlings were
treated for 3 h by cultivation at 6 °C in darkness. Control
seedlings were put into darkness for 3 h at 22 °C.

For phosphate starvation experiment, the control
seedlings were grown on modified half-strength
Hoagland’s medium (Hoagland ef a/. 1950) with 1 % agar
and the treated seedlings were grown on half-strength
Hoagland’s medium in which NH4H,PO4 was replaced
with NH4Cl. The medium was adjusted to pH 6.2 with
NaOH.

For nitrogen starvation experiment, the control
seedlings were grown on medium containing I mM
KH>PO4, 25 uM H3BOs;, 2 pM ZnSOa, 2 pM MnSO,,
0.5mM MgSO,, 20 pM ferric citrate, 0.5 uM CuSOs,,
0.5 uM Na;MoOys, 1 mM NH4NOs;, 0.25 mM CaS04, and
1 % agar and the treated seedlings on the medium without
NH4NO;.

Biotic stresses: The inoculation with Pseudomonas
syringae pv. tomato DC3000 (Pst DC3000) was performed
according to Katagiri e al. (2002) with slight
modifications. In brief, bacteria were cultivated on the
Luria-Bertani (LB) solid medium (with 1.2 %, m/v, agar)
containing rifampicin (50 g dm™) overnight. Bacteria were
resuspended in 10 mM MgCl, and a suspension was
prepared to absorbance (Asoo) = 0.001 for infiltration and
Asoo= 0.2 for dipping. For dipping inoculation suspension
contained Silwet Star (0.02 %, v/v, AgroBio, Opava, Czech
Republic). Four-week-old plants were infiltrated with
needleless syringe or dipped for 30 s in bacterial
suspension. Nine discs (6 mm diameter) from three plants
were collected as one sample of one genotype at 0 dpi and
3 dpi. The leaf discs were grounded in 10 mM MgCl, and
decimal dilution was performed. The colony forming units
were counted. For gene transcription analysis, 4-week-old
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plants were infiltrated (using needleless syringe) with Pst
DC3000 for 24 h, control plants were treated with 10 mM
MgCls.

Four-week-old A. thaliana plants were treated with a
6-mm?® drops containing Botrytis cinerea BMM spores
(5 x10* spores cm®) by applying one drop on one leaf,
three leaves at similar developmental stage from one plant.
The treated plants were transferred into the closed plastic
box and were kept at low irradiance of 10 - 20 pmol m?s),
a 16-h photoperiod and a temperature of 21 °C for 96 h
post inoculation (hpi). For gene transcription analysis,
4-week-old plants were treated with Botrytis cinerea
BMM spores (5.10* spores cm™) diluted in potato dextrose
broth (PDB) liquid medium for 48 h, control plants were
treated with a drop of four times diluted PDB liquid
medium.

Measurement of H2O: production: H>O; production was
determined by the luminol-based assay as described in
(Sasek et al. 2014). Discs, 3 mm in diameter, were cut from
the fully developed leaves (two discs per leaf) of 4-week-
old A. thaliana plants (three leaves per plant). Discs were
incubated in white non-transparent 96-well plate (NUNC,
Thermo Fisher Scientific, Waltham, MA, USA) in 0.15
cm?® of distilled water for 16 h, Distilled water was replaced
by 0.2 cm® of reaction solution containing 17 pg cm™ of
Iuminol, 10 pg cm™ of horseradish peroxidase (Sigma-
Aldrich) and 100 nM flg22 or 100 nM elf18. The
measurement was performed immediately after adding the
flg22 with a luminometer (Tecan infinite F200,
Miénnedorf, Switzerland) for a period of 45 min.

Callose deposition in response to flg22: A. rhaliana
seedlings were treated with 1 uM flg22 for 24 h at day 11,
the MS medium was replaced with fresh one with or
without flg22. After 24 h the MS medium was replaced
with ethanol:glacial acetic acid (3:1, v/v) until the
seedlings were decolorized. The seedlings were then
rehydrated in successive baths of 70 % ethanol (at least
1 h), 50 % ethanol (at least 1 h), 30 % ethanol (at least | h),
and water (at least 2 h). Leaves were then incubated in
0.01 % (m/v) aniline blue in 150 mM K,HPO4, pH 9.5, for
4 - 6 h. Callose deposition was observed using fluo-
rescence microscope Axiolmager ApoTome2 (Carl Zeiss,
Oberkochen, Germany) and the number of callose spots
per mm” were calculated using Fiji software (Schindelin er
al. 2012). For gene transcription analysis, four-week-old
A. thaliana plants were treated with 100 nM flg22 applied
by needleless syringe infiltration for 1 and 4 h. Infiltration
with distilled water was used as a control.

Treatments with phytohormones: The seedlings were
grown on %2 MS medium containing 2 pM ABA dissolved
in EtOH (0.01 %) and 1 % agar, control seedlings grew on
Y» MS medium containing only EtOH. Medium was
adjusted to pH 5.8 with KOH. Root length was analysed
using software JMicroVision®. For gene transcription
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analysis seedlings at day 11 were flooded with 100 pM
ABA in liquid %2 MS medium for 3 h as a control seedlings
were flooded with 0.1 % EtOH in liquid /2 MS medium.
The 4-d-old seedlings grown on 2 MS were transferred
on 2 MS medium containing 200 nM NAA and length of
the root was marked on the plate. The seedlings were
scanned at day 4 after transfer and the length of primary

Results

Transcriptions of all three flotillin genes in 11-d-old
A. thaliana seedlings exposed to NaCl, cold, ABA,
infection, and flg22 treatments were analysed. Flooding
seedlings with 150 mM NaCl for 3 h significantly down
regulated the transcription of AtFLOT! and AtFLOT2
genes (Fig. 14). Exposure of seedlings to 6 °C for 3 h
increased the transcription of AtFLOT3 gene (Fig. 1B).
After infiltration of 4-week-old 4. thaliana with 100 nM
f1g22, transcriptions of all 4#FLOT genes increased 1 and
4 h after treatment (Fig. 1C) with strongly increased
expressions of AtFLOT! and AtFLOT3. Upregulation of
AtFLOT3 was transient and after 4 h after returned to the
basal level. The transcription of AtFLOT! and AtFLOT2
genes further increased at 4 h after flg22 treatment
(Fig. 1C). Interestingly, bacterial infection of plants with
Pst DC3000 did not lead to the changes in transcription of
AtFLOT genes (Fig. 1.D), whereas infection with fungus B.
cinerea induced transcription of AtFLOTI and AtFLOT3
(Fig. 1E). Treatment with ABA altered the transription of
all three AtFLOTs, however, the changes were not
significant due to high wvariability of obtained data
(Fig. 1F). Overall, transcription of at least one AtFLOT
gene was significantly changed under 4 from 6 tested stress
factors which strongly suggests involvement of AtFLOTs
in response to stresses.

Following transcriptomic analysis, T-DNA knock-out
single mutants available from public seeds depositories for
each flotillin gene were used for phenotype analysis. These
mutants do not transcribe particular Af/FLOT genes (Fig. 1
Suppl.). We measured root growth of WT and mutant
plants exposed to high salinity (100 mM NaCl; Fig. 24),
cold (14 °C; Fig. 2B), and phosphate (Fig. 2C) and nitrogen
starvation (Fig. 2D). Seedlings were exposed to these
stresses for 7 d. In contrast to transcriptomic analysis,
comparison of flotillin mutant lines with their background
genotype did not reveal any significant changes in root
length and other noticeable morphological changes. These
results indicate that any of single AtFLOT gene does not
play particular role in acclimation to all tested abiotic
stresses.

Furthermore, we focused on the role of the single
flotillin gene in response to biotic stresses. Transcriptional
analysis showed changes of AtFLOT gene expression in
response to flg22 and B. cinerea (Fig. | C.E). We measured
H;0: production upon microbe-associated molecular
patterns (MAMP) treatment (Fig. 34) since ROS burst is

ROLE OF FLOTILLINS IN RESPONSE TO STRESSES

root was measured using software Fiji (Schindelin ef al.
2012).

Statistical analysis: If not mentioned otherwise, two-
tailed Student’s #-test was used for statistical evaluation
and statistical significance was assigned to difference with
P values < 0.01.

well described immediate and massive response to
MAMPs (Smith et al. 2014). For Atflot] and Atflot3
mutants we used f1g22 as MAMP. Because Afflor2 mutant
has a genetic background Ws-4 which lacks the flagellin-
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Fig. 1. Transcription analysis of AtFLOT genes in response to
different stresses. Arabidopsis thaliana seedlings were treated at
day 11 with 150 mM NaCl for 3 h (4), 6 °C for 3 h (8), 100 nM
flg22 for 1 and 4 h (C), infiltration with Pst DC3000 for 24 h (D),
inoculation with Botrytis cinerea BMM spores for 48 h (E), and
100 uM ABA for 3 h (F). Means + SE, n = 3 to 4, asterisks
indicate statistically significant differences compared to the
corresponding control (* - P < 0.05, ** - P < 0.01, Student’s
t-test). Transcription was normalized to a reference gene
TIP41-like.
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sensitive 2 (FLS2) receptor for flg22 (Zipfel et al. 2004),
we used elfl8 (Lu ez al. 2009). However, none of the
mutants had affected ROS production in response to
MAMPs (Fig. 3A). Furthermore we tested the resistance
of A. thaliana WT and mutant plants toward the infection
with Pst DC3000, which represent model pathosystem in
the studies of plant-bacteria interactions (Xin et al. 2018).

Here we used two different experimental approaches:
infiltration with needleless syringe (Fig. 3B) and flooding
of plant rosettes in bacterial suspension (Fig. 2 Suppl.). In
both setups, no differences in the number of bacteria were

found in the mutant line in comparison to the controls. Not
surprisingly, the genotypes with Ws-4 background were
more susceptible to Pst DC3000 compared to Col-0
background genotypes (Figs. 3 and 2 Suppl.). As the
AtFLOT! and AtFLOT3 transcription was induced in
response to B. cinerea, we tested if these mutants would
have altered resistance to this necrotrophic fungus.
However, we did not see any significant difference
between infected mutant and control lines (Fig. 3C).
Moreover, Ws-4 genotypes were more resistant to the
infection in comparison with Col-0 genotypes (Fig. 3C).
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Fig. 2. Response of flotillin T-DNA A. thaliana mutants to abiotic stresses. Root growth of 12-d-old seedlings on the medium containing
100 mM NaCl for last 7 d (4). Root growth of 12-d-old seedlings 14 °C for last 7 d (B). Root growth of 12-d-old seedlings on the
medium without phosphate for last 7 d (C). Root growth of 12-d-old seedlings medium without nitrogen for last 7 d (D). White bars
represent WT, grey bars represent Atflor mutant. Means + SDs, n= 17 to 20 (P < 0.01, Student’s t-test)

Yu et al. (2017) showed decreased callose accumu-
lation in response to flg22 in seedlings of their Aflot!
knock-down mutant. Therefore, we measured callose
accumulation in our 4#flot! knock-out mutant, but we did
not see the difference compared to the control line (Fig.
3D). Despite the transcriptional changes in response to
biotic stress, we did not reveal the crucial role of particular
AtFLOT gene under biotic stress conditions tested.

In sillico transcriptomic analysis showed trans-

Discussion

In our work we focused on the possible role of flotillins in
response to different type of stresses in A. thaliana. The
available transcriptomic microarray data indicated a
possible involvement in response to abiotic and biotic
stresses (Danék e al. 2016). In terms of abiotic stress, here
we show that transcription of A¢tFLOT genes is altered in
early response (after 3 h) to high salinity leading to the
inhibition of AtFLOTI and AtFLOT? (Fig. 14) and
exposure to cold leading to the induction of AtFLOT3
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criptional changes of AtFLOT genes in response to
phytohormones ABA and auxin (Danék er al. 2016).
Although our transcription analysis after treatment with
ABA did not confirm microarray data, we performed the
root growth assays with seedlings of all three knock-out
mutants where we measured the root growth in presence of
100 uM ABA or 200 nM NAA. The root growth of A#flot
mutants was similar to control lines (Fig. 44,B).

transcription (Fig. 1B). In the case of biotic stress, the
transcriptional changes were more robust compared to
changes under abiotic stresses. In four-week-old
A. thaliana the transcription of AtFLOTI and AtFLOT2
was increased in response to flg22 (Fig. 1C) and
transcription of AtFLOTI and AtFLOT3 was increased in
response to the infection by B. cinerea (Fig. 1E). The
transcription profile upon B. cinerea treatment is
interesting because under other tested conditions (high
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salinity, cold, flg22), mainly AtFLOTI and AtFFLOT2 share
similar transcriptional pattern. This is not surprising with
respect to the fact that they share 94 % sequence similarity
and therefore they may function similarly as well.
However, in response to B. cinerea, the transcription of
AfFLOTI and ArFLOT3 was induced as opposed to the
transcription of AtFLOT2 which remained stable (Fig. 1E).
Hence, our results imply functional redundancy of
AFLOT1 and AtFLOT2 but only in some cases. Results
from our transcriptomic analysis do not correspond in all
cases with publicly available microarray data. Pst DC3000
infection did not affect transcription (Fig. 1D) and

ROLE OF FLOTILLINS IN RESPONSE TO STRESSES

treatment with ABA did not show significant transcription
changes due to very high variability of measurements
(Fig. 1F). NaCl treatment had the opposite effect than it
was revealed with microarray experiments, inhibition of
transcription (Fig. 14). However cold stress, flg22
treatment, and B. cinerea infection had similar effect on
the AtFLOTs transcription as was found in database
(Dangk et al. 2016). These discrepancies may be explained
by slightly different conditions used in particular
experiments. It must be noted as well that set up of
microarray experiments does not allow discrimination
between expressions of AtFLOTI and AtFLOT?2.
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Fig. 3. Response of flotillin T-DNA A. thaliana mutants to biotic stresses. 4 - Maximum luminescence induced by 100 nM flg22 for
Atflot1 and A#flot3 or 100 nM elf18 for Atflor2 in leaf discs from 4-week-old plants (RLU - relative luminiscence unit). B - Pst DC3000
was infiltrated into leaves of 4-week-old plants. Values are demonstrated in logio scale of colony forming units (CFU). C - Lesions on
4-week-old 4. thaliana leaves infected with Botrytis cinerea BMM for 96 h. D - Callose deposition in 10-d-old seedlings of A. thaliana
treated with 1 pM flg22 for 24 h (MS - control). In 4 and D, white bars represent WT, grey bars represent Atflot mutant. Means + SEs,
n =12 for A,C and 6 for B,D). Different letters indicate significant differences between the samples (P < 0.01, Student’s #-test).

The second goal of the work was to investigate direct
involvement of a particular AtFLOT gene in response to
stresses, For that purpose, we used T-DNA knock-out
mutants for every single AtFLOT gene. The proper
characterisation of the mutants is the critical point. Li et al.
(2012) showed that some of AtFLOT! T-DNA insertion
mutant lines had similar A7FLOT/! expression as WT or
even over-expression. Here we used different T-DNA line
of Atflot] than Li ef al. (2012) and also T-DNA mutants of
Atflot2 and Atflot3 (Fig. 1 Suppl.). Obtained T-DNA lines
did not show any transcription of particular A1/FLOT genes
(Fig. 1 Suppl.). We used above mentioned mutants for the
phenotypic analysis in response to abiotic and biotic stress
and for the treatment with phytohormones ABA and NAA.

According to best of our knowledge, no screening
study of the involvement of flotillins in abiotic stresses
exists until now. /n silico AtFLOTS transcriptional data, as
well as our results, indicated involvement of flotillins in
response to abiotic stresses. Moreover, in yeasts and
mammals flotillins play a role in endocytosis (Otto et al.
2011). Similar role was suggested for AtFLOTI!. In
specific conditions, it was shown that endocytosis of
several plasma membrane (PM) proteins such as
NADPH/respiratory burst oxidase protein D (RbohD),
plasma membrane intrinsic protein 2 (PIP2;1),
brassinosteroid insensitive 1 (BRI1) and ammonium
transporter 1 (AMT1-3) is mainly dependent on clathrin
mediated endocytosis but the role of microdomains and
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AtFLOTI cannot be excluded (Hao ef al. 2014, Li et al.
2012, Liu ef al. 2009, Wang et af. 2013, Yu ef al. 2017).
The role of endocytosis in abiotic stresses was described
as well. For example, salt stress increases PM endocytosis
(Hamaji ef al. 2009, Leshem ef al. 2006) and cold stress
inhibits intracellular trafficking (Shibasaki er al. 2009).
We tested the root growth of mutant and WT plants under
high salinity, cold, nitrogen starvation, and phosphate
starvation. No differences between mutant and WT root
growth under tested abiotic stresses were observed
(Fig. 2). One of the possible explanations of this

observation is gene redundancy of A. thaliana flotillins.
This explanation is supported with our results and with
results of Li ez al. (2012) (for details see below) and it is
reasonable especially in the case of AtFLOT! and
AtFLOT2. To reveal the role of redundant genes it is
necessary to prepare the multiple A#flot knock-out mutant
lines. CRISPR-Cas9 methodology would be a method of
choice because AtFLOTI and AtFLOT? are in linkage and
therefore it is not possible to obtain double mutant by
crossing. Also, another experimental design should be
considered.
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Fig. 4. Response of flotillin T-DNA A. thaliana mutants to phytohormones. A - The root growth of 12-d-old seedlings on the medium
containing 2 uM ABA for last 7 d. B - The root growth of 8-d-old seedlings on the media containing 200 nM NAA for last 4 d. White
bars represent WT, grey bars represent Atflot mutant. Means + SD, n= 11 to 30.

In contrast to abiotic stresses, data showing the
involvement of flotillins in biotic stresses already exist.
The critical role of flotillins was shown in Medicage
truncatula in response to symbiotic rhizobial infection. In
M. truncatula seven flotillin-genes are recognised. Using
silenced mutants in MtFLOT2 and MtFLOT4 it was
approved that they are required for host derived infection
threads and nodule formation (Haney ef al. 2010). We
tested T-DNA Atflot lines in response to Pst DC3000 and
B. cinerea. However, we did not observe any difference
between WT and T-DNA lines after Pst DC3000 and
B. cinerea infection., The only differences we observed
between the background genotypes Col-0 and Ws-4. Plants
with Col-0 background were more resistant against Pst
DC3000 and interestingly, more susceptible to B. cinerea
in comparison to plants with Ws-4 background
(Fig. 3B8,C). However, a molecular background of this
phenomenon is not known.

Upregulation of AfFLOT gene transcription after flg22
treatment was shown (Danék et al. 2016, Millet et al.
2010). In agreement, we observed increased transcription
of AtFLOT genes after treatment with flg22. It is known
that flg22 treatment results in higher ROS production and
callose deposition (Denoux et al. 2008). We studied
transient ROS production in response to treatment with
flg22 in our T-DNA mutant lines and we did not observe
any difference between flotillin knock-out mutant and WT
plants (unpublished results). Also, we studied callose
deposition in our T-DNA mutant lines and we did not
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observe any difference between flotillin knock-out mutant
and WT plants. In contrary, Yu ef al. (2017) showed that
knock-down mutant of Aiflotl has decreased callose
deposition in response to flg22. This contradiction may be
explained by the downregulation of transcription of both
AtFLOT! and AtFLOT2. Yu et al. (2017) used in their
study amiRNAi lines. The same lines were used by Li
et al. (2012). Besides down-regulation of AtFLOTI, three
from their four amiRNAi lines exhibited also down-
regulation of AtFLOT2 (Li et al. 2012). Li ef al. (2012)
also described growth inhibition of AmiRNAflot] line,
however, we did not observe root growth retardation of our
T-DNA A:FLOTI line. These indicate that for observed
decrease in callose deposition in response to flg22 and also
the growth inhibition, both AtFLOT! and AtFLOT2 are
responsible.

Phytohormones play indispensable roles in plant
growth and development and in response to both biotic and
abiotic stresses (Santner ef al. 2009, Denance ef al. 2013,
Janda and Ruelland 2015). Based on available
transcriptomic data we were focused on the role of
flotillins in response to ABA and NAA treatments. As for
the biotic and abiotic stresses the role of endocytosis and
microdomains in ABA and auxin mediated events are
demonstrated. For example, auxin transporter PIN1 is
present in microdomains (Titapiwatanakun et al. 2009)
and polar distribution of auxin transporters is dependent on
clathrin mediated endocytosis (Kitakura et al. 2011). ABA
triggers the selective endocytosis of A. thaliana potassium
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channel KAT]1 and its recycling to the PM in epidermal
and guard cells (Sutter et al. 2007). As for the response to
abiotic stress we analysed the effect of ABA and NAA to
the root growth of A#flot T-DNA mutant lines. However,
we did not observe any difference between T-DNA
flotillin mutants and WT plants (Fig. 4).

We are aware that interpretation of the data obtained
by the application of just one T-DNA mutated allele might
be risky. Re-evaluation of function of abp /-1 mutant could
serve as an example of such situation (Dai et al. 2015,
Enders et al. 2015, Michalko et al. 2015). Also the recent
controversy dealing with commonly used Syngenta
Arabidopsis insertion lines (SAIL) seeds stock with grt/
background serves as highly important warning
(Nikoronova et al. 2018). However, we believe that our
results are not misinterpreted. In our study we did not use
seeds from SAIL stock. Moreover, unlike in the above

References

Bucherl, C. A., Jarsch, I. K., Schudoma, C., Segonzac, C.,
Mbengue, M., Robatzek, S., MacLean, D., Ott, T., Zipfel, C.:
Plant immune and growth receptors share common signalling
components but localise to distinct plasma membrane
nanodomains. - eLife 6: ¢25114, 2017.

Danék, M., Valentova, O., Martinec, J.: Flotillins, erlins, and
hirs: from animal base camp to plant new horizons. - Crit.
Rev. Plant Sci. 35: 191-214, 2016.

Denance, N., Sanchez-Vallet, A., Goffner, D., Molina, A.:
Disease resistance or growth: the role of plant hormones in
balancing immune responses and fitness costs. - Front. Plant
Sci. 4: 155, 2013.

Denoux, C., Galletti, R., Mammarella, N., Gopalan, S., Werck,
D., De Lorenzo, G., Ferrari, S., Ausubel, F. M., Dewdney, J.:
Activation of defense response pathways by OGs and Flg22
elicitors in Arabidopsis seedlings. - Mol. Plants 1: 423-445,
2008.

Dai, X., Zhang, Y., Zhang, D., Chen, J., Gao, X., Estelle, M.,
Zhao, Y.: Embryonic lethality of Arabidopsis abpl-1 is
caused by deletion of the adjacent BSM gene. - Nat. Plants 1:
pii: 15183, 2015.

Di, C., Xu, W., Su, Z., Yuan, J. S.: Comparative genome analysis
of PHB gene family reveals deep evolutionary origins and
diverse gene function. - BMC Bioinformatics 11(Suppl 6):
$22,2010.

Enders, T. A, Oh, S, Yang, Z. B., Montgomery, B. L., Strader,
L. C.. Genome sequencing of Arabidopsis abpl-5 reveals
second-site mutations that may affect phenotypes. - Plant
Cell 27: 1820-1826, 2015.

Glebov, 0.0., Bright, N A., Nichols, B.I.: Flotillin-1 defines a
clathrin-independent endocytic pathway in mammalian cells.
- Nat. Cell Biol 8: 46-54, 2006.

Hamaji, K., Nagira, M., Yoshida, K., Ohnishi, M., Oda, Y.,
Uemura, T., Goh, T., Sato, M.H., Morita, M.T., Tasaka, M.,
Hasezaw, S., Nakano, A., Hara-Nishimura, 1., Maeshima, M.,
Fukaki, H., Mimura, T.: Dynamic aspects of ion
accumulation by vesicle traffic under salt stress in
Arabidopsis. - Plant Cell Physiol. 50: 2023-2033, 2009.

Haney, C.H., Long, S.R.: Plant flotillins are required for infection
by nitrogen-fixing bacteria. - Proc. nat. Acad. Sci. USA 107:

ROLE OF FLOTILLINS IN RESPONSE TO STRESSES

mentioned studies, we do not show an effect of T-DNA
insertion into flotillin genes and therefore it is not
necessary to consider additional T-DNA insertions.

In conclusion our transcriptomic analyses showed
altered transcription of A7FLOT genes in response to both
biotic and abiotic stresses. We obtained set of T-DNA
single mutants which do not transcribe particular AtFLOT
genes and we used them to screen involvement of single
flotillin genes in response to broad spectrum of stresses.
Our data showed that single flotillin genes are not the
crucial components of A. thaliana response reactions to all
stress conditions tested. The explanation could be the
functional redundancy between A/FLOTs. Flotillins most
probably act through the interaction with other proteins,
thus their high sequence similarity may explain their
redundancy. Creation of multiple knock-out lines will be
necessary for further studies.

478-483, 2010.

Hao, H, Fan, L., Chen, T., Li, R., Li, X., He, Q., Botella, M. A.,
Lin, J.: Clathrin and membrane microdomains cooperatively
regulate RbohD dynamics and activity in Arabidopsis. - Plant
Cell 26: 1729-1745, 2014.

Hoagland, H., Amon, D.I.: The water-culture method for
growing plants without soil. - Calif. Agr. Exp. Sta 347: 1-32,
1950.

Janda, M., Ruelland, E.: Magical mystery tour: salicylic acid
signalling. - Environ.eExp. Bot. 114: 117-128, 2015.

Jarsch, LK., Konrad, S.S., Stratil, T.F., Urbanus, S.L.,
Szymanski, W., Braun, P., Braun, K.H., Ott, T.: Plasma
membranes are subcompartmentalized into a plethora of
coexisting and diverse microdomains in Arabidopsis and
Nicotiana benthamiana. - Plant Cell 26: 1698-1711, 2014.

Katagiri, F., Thilmony, R., He, 8.Y.: The Arabidopsis thaliana -
Pseudomonas syringae interaction. - Arabidopsis Book 1:
¢0039, 2002

Kitakura, S., Vanneste, S., Robert, S., Lofke, C., Teichmann, T.,
Tanaka, H., Friml, J.: Clathrin mediates endocytosis and
polar distribution of PIN auxin transporters in Arabidopsis. -
Plant Cell 23: 1920-1931, 2011.

Lefebvre, B., Furt, F., Hartmann, M. A., Michaelson, L. V.,
Carde, J. P., Sargueil-Boiron, F., Rossignol, M., Napier, J.
A., Cullimore, J., Bessoule, J. J., Mongrand, S.: Characte-
rization of lipid rafts from Medicago truncatula root plasma
membranes: a proteomic study reveals the presence of a raft-
associated redox system. - Plant Physio.l 144: 402-418, 2007.

Leshem, Y., Melamed-Book, N., Cagnac, O., Ronen, G., Nishri,

Y., Solomon, M., Cohen, G., Levine, A.: Suppression of

Arabidopsis vesicle-SNARE expression inhibited fusion of

H20»-containing vesicles with tonoplast and increased salt

tolerance. — Proc. nat. Acad. Sci. USA 103: 18008-18013,

2006.

R., Liu, P., Wan, Y., Chen, T., Wang, Q., Mettbach, U.,

Baluska, F., Samaj, J., Fang, X., Lucas, W. J., Lin, J.: A

membrane microdomain-associated protein, Arabidopsis

Flotl, is involved in a clathrin-independent endocytic

pathway and is required for seedling development. - Plant

Cell 24: 2105-2122, 2012.

Li,

151

48



K. KROUMANOVA ef al.

Liu, P., Li, R. L., Zhang, L., Wang, Q.L., Nichaus, K., Baluska,
F., Samaj, J., Lin, I.X.: Lipid microdomain polarization is
required for NADPH oxidase-dependent ROS signaling in
Picea meyeri pollen tube tip growth. - Plant J. 60: 303-313,
2009.

Lu, X., Tintor, N., Mentzel, T., Kombrink, E., Boller, T.,
Robatzek, S., Schulze-Lefert, P., Saijo, Y.: Uncoupling of
sustained MAMP receptor signaling from early outputs in an
Arabidopsis endoplasmic reticulum glucosidase 1I allele. —
Proc. natl.Acad. Sci. USA 106: 22522-22527, 2009.

Michalko, J., Dravecka, M., Bollenbach, T., Friml, J.: Embryo-
lethal phenotypes in early abp! mutants are due to disruption
of the neighboring BSM gene. - F1000Res 4: 1104, 2015.

Millet, Y.A., Danna, C.H., Clay, N.K., Songnuan, W., Simon,
M.D., Werck-Reichhart, D., Ausubel, F M.: Innate immune
responses activated in Arabidopsis toots by microbe-
associated molecular patterns. - Plant Cell 22: 973-990, 2010.

Nikonorova, N., Yue, K., Beeckman, T., De Smet, 1.: Arabidopsis
research requires a critical re-evaluation of genetic tools. - J.
exp. Bot. 15: 3541-3544, 2018.

Ott, T.. Membrane nanodomains and microdomains in plant-
microbe interactions. - Curr. Opin. Plant Biol. 40: 82-88,
2017.

Otto, G.P., Nichols, B.J.: The roles of flotillin microdomains -
endocytosis and beyond. - J. cell. Sci. 124: 3933-3940, 2011.

Santner, A., Estelle, M.: Recent advances and emerging trends in
plant hormone signalling. - Nature 459: 1071-1078, 2009.

Sasek, V., Janda, M., Delage, E., Puyaubert, J., Guivarc'h, A.,
Lopez Maseda, E., Dobrev, P.I.. Caius, J., Boka, K.,
Valentova, O., Burketova, L., Zachowski, A., Ruelland, E.:
Constitutive salicylic acid accumulation in pidkIIIbetalbeta2
Arabidopsis plants stunts rosette but not root growth. - New
Phytol 203: 805-816, 2014.

Sekeres, J., Pleskot, R., Pejchar, P., Zarsky, V., Potocky, M.: The
song of lipids and proteins: dynamic lipid-protein interfaces
in the regulation of plant cell polarity at different scales. - J.
exp. Bot. 66: 1587-1598, 2015.

Shibasaki, K., Uemura, M., Tsurumi, S., Rahman, A.: Auxin
response in Arabidopsis under cold stress: underlying
molecular mechanisms. - Plant Cell 21: 3823-3838, 2009.

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V.,

152

Longair, M., Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld,
S., Schmid, B., Tinevez, J.Y., White, D.J., Hartenstein, V.,
Eliceiri, K., Tomancak, P., Cardona, A.: Fiji: an open-source
platform for biological-image analysis. - Nat. Methods 9:
676-682,2012.

Smith, J.M., Heese, A.: Rapid bioassay to measure early reactive
oxygen species production in Arabidopsis leaf tissue in
response to living Pseudomonas syringae. - Plant Methods
10: 6, 2014.

Sutter, J. U., Sieben, C., Hartel, A., Eisenach, C., Thiel, G., Blatt,
M.R.: Abscisic acid triggers the endocytosis of the
Arabidopsis KAT1 K+ channel and its recycling to the
plasma membrane. - Curr. Biol. 17: 1396-1402, 2007.

Titapiwatanakun, B., Blakeslee, J.J., Bandyopadhyay, A., Yang,
H., Mravec, J., Sauer, M., Cheng, Y., Adamec, J.,
Nagashima, A., Geisler, M., Sakai, T., Friml, J., Peer ,W.A.,
Murphy, A.S.: ABCBI9/PGP19 stabilises PINI in
membrane microdomains in Arabidopsis. - Plant J. 57: 27-
44, 2009.

Wang, L., Li, H., Lv, X.Q., Chen, T., Li, R.L., Xue, Y.Q., Jiang,
1.J., Jin, B., Baluska, F., Samaj, J., Wang, X.L., Lin, J.X.:
Spatio-temporal dynamics of the BRI1 receptor and its
regulation by membrane microdomains in living Arabidopsis
cells. - Mol. Plants 8: 1334-1349, 2015.

Wang, Q., Zhao, Y., Luo, W., Li, R., He, Q., Fang, X., Michele,
R.D., Ast, C., Von Wiren, N, Lin, I.: Single-particle analysis
reveals shutoff control of the Arabidopsis ammonium
transporter AMT1;3 by clustering and internalization. — Proc.
nat. Acad. Sci. USA 110: 13204-13209, 2013.

Xin, X.F., Kvitko, B., He, S.Y.: Pseudomonas syringae: what it
takes to be a pathogen. - Nat. Rev. Microbiol. 16: 316-328,
2018.

Yu, M., Liu, H., Dong, Z., Xiao, I., Su, B., Fan, L., Komis, G.,
Samaj, J., Lin, J., Li, R.: The dynamics and endocytosis of
Flotl protein in response to flg22 in Arabidopsis. - J. Plant
Physio.l 215: 73-84, 2017.

Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E. J., Jones, J. D.,
Felix, G., Boller, T.: Bacterial disease resistance in
Arabidopsis through flagellin perception. - Nature 428: 764-
767, 2004.

49



Table 1 Suppl. List of primers (LP - left primer, RP - right primer, LB - left border primer, F - forward, R - reverse,
RT-qPCR - reverse transcription quantitative PCR).

Targets Primers (5'—3") Experiment Reference

FLOTI LP: GGGACAAAGGAGTTTAAGAAGG genotyping, RT-PCR  this study
RP: GTTCCGCACCACGTAGAGTAC

FLOT2 LP: TACCACTCCCACTAGCACCAC genotyping, RT-PCR  this study
RP: TGTTGAAGGTGTTATCGAGGG

FLOT3 LP: TCCCTTCTCCTAGCCTTTGAG genotyping this study
RP: TGTAAATAACCGCGTTTCAATG

FLOT3 LP: GGTGTTTCCATGGCAGTCTT RT-PCR this study
RP: GCTGATCTTAGGCTGCAGGT

T-DNA FLAG line LB: CGTGTGCCAGGTGCCCACGGAATAGT genotyping this study

T-DNA SALK lines LB: ATTTTGCCGATTTCGGAAC genotyping this study

Actin2 F: CCGCTCTTTCTTTCCAAGC RT-PCR this study
R: CCGGTACCATTGTCACACAC

AtFLOTI F: ATGAACGCTTTGACTCGAAC RT-qPCR Liet al. 2012
R: GGCTTGCTTTTGTTTCTCGTA

AtFLOT2 F: ACTTGCAGCCCAAGATTAGC RT-qPCR this study
R: CTCCCACTAGCACCACCAAT

AtFLOT3 F: AGTCGCTAAAGCATCGCAGT RT-qPCR this study
R: TGCAAGCTTGATGTCTGTGA

TIP41 F: GTGAAAACTGTTGGAGAGAAGCAA RT-qPCR Czechowski et al. 2005

R: TCAACTGGATACCCTTTCGCA

Czechowski, T., Stitt, M., Altmann, T., Udvardi, M.K., Scheible, W.R.: Genome-wide identification and testing of superior reference

genes for transcript normalization in Arabidopsis. - Plant Physiol. 139: 5-17, 2005.

Li, R., Liu, P., Wan, Y., Chen, T., Wang, Q., Mettbach, U., Baluska, F., Samaj, J., Fang, X., Lucas, W.I,, Lin, J.: A membrane
microdomain-associated protein, Arabidopsis Flotl, is involved in a clathrin-independent endocytic pathway and is required for
seedling development. - Plant Cell 24: 2105-2122, 2012.
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Flot1 (At5g25250) — Exon Exon S UIR
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Flot2 (At5g25260) — Exon — Exon 2 UTR
FLAG_352D08
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Fig. 1 Suppl. Characterization of T-DNA mutants. 4 - Schematic overview of T-DNA insertion in particular AtFLOT knock-out
mutants. B - Genomic PCR analysis to confirm the integration of T-DNA in Atflotl, Atflot2, and Atflot3 (upper panels - PCR products
of primers used for amplification of T-DNA insertion allele, lower panels - PCR products of primers used for amplification of wild-
type allele, LP - left primer, RP - right primer, BP - T-DNA border primer. C - RT-PCR analysis of flot], flot2, and flot3 specific
transcripts (upper panels - RT-PCR with gene specific primers, lower panels - Actin2 used as an internal control).

DNA was isolated from 3-week-old Atflot] (SALK_203966), Afflot2 (FLAG_352D08), and Atflot3 (SALK_143325C) plants. T-DNA
insertion was confirmed by PCR using primers listed in Table 1 Suppl. For RT-PCR analysis the leaf samples were instantly frozen in
liquid nitrogen. RNA was isolated using a Spectrum Plant Total RNA kit (Sigma-Aldrich, St. Louis USA), Turbo DNA-free kit (Applied
Biosystems, Foster City, USA) was used for DNA removal and Transcriptor High Fidelity ¢cDNA synthesis kit (Roche, Basel,
Switzerland) was used for cDNA synthesis. The reverse transcription reaction was primed with anchored-oligo(DT)18 primer. Primers
used for RT-PCR analysis are listed in Table 1 Suppl. All PCR reactions were performed using PPP Master Mix (Top-Bio, Prague,
Czech Republic).
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Fig. 2 Suppl. Dipping inoculation with Pst DC3000. Four-week-old A. thaliana plants were dipped in Pst DC3000
suspension. Values are demonstrated in logio scale of colony forming units (CFU). Means + SEs, n = 6, different letters
indicate statistically significant differences between the samples (P < 0.01, Student’s #-test).
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Mapping of Plasma Membrane
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Kristyna Kroumanova?, Enric Zelazny*, Martin Janda'2, Radovan Hynek’, Jan Martinec?
and Olga Valentova’

" Department of Biochemistry and Microbiology, University of Chemistry and Technology Prague, Prague, Czechia, ? Institute
of Experimental Botany of the Czech Academy of Sciences, Prague, Czechia, ° Department of Experimental Plant Biology,
Faculty of Science, Charles University, Prague, Czechia, * Institut de Biologie Intégrative de la Cellule (12BC),
CNRS-CEA-Université Paris Sud, Université Paris-Saclay, Gif-sur-Yvette, France

Arabidopsis flotillin 2 (At5g25260) belongs to the group of plant flotilling, which are not
well characterized. In contrast, metazoan flotillins are well known as plasma membrane
proteins associated with membrane microdomains that act as a signaling hub. The
similarity of plant and metazoan flotillins, whose functions most likely consist of affecting
other proteins via protein—protein interactions, determines the necessity of detecting
their interacting partners in plants. Nevertheless, identifying the proteins that form
complexes on the plasma membrane is a challenging task due to their low abundance
and hydrophobic character. Here we present an approach for mapping Arabidopsis
thaliana flotilin 2 plasma membrane interactors, based on the immunoaffinity purification
of crosslinked and enriched plasma membrane proteins with mass spectrometry
detection. Using this approach, 61 proteins were enriched in the AtFlot-GFP plasma
membrane fraction, and 19 of them were proposed to be flotillin 2 interaction partners.
Among our proposed partners of Flot2, proteins playing a role in the plant response
to various biotic and abiotic stresses were detected. Additionally, the use of the
split-ubiquitin yeast system helped us to confirm that plasma-membrane ATPase 1,
early-responsive to dehydration stress protein 4, syntaxin-71, harpin-induced protein-
like 3, hypersensitive-induced response protein 2 and two aquaporin isoforms interact
with flotillin 2 directly. Based on the results of our study and the reported properties of
Flot2 interactors, we propose that Flot2 complexes may be involved in plant-pathogen
interactions, water transport and intracellular trafficking.

Keywords: Arabidopsis flotillin 2, protein—protein interactions, immunopurification, mass spectrometry, split-
ubiquitin yeast system, plant-pathogen interaction, water transport, intracellular trafficking

INTRODUCTION

The SPFH (stomatin/prohibitin/flotillin/HfIK/C) domain proteins superfamily consists of
membrane proteins which exhibit 40-84% sequence homology (Li et al., 2000; Green and Young,
2008), but are divided into several groups with different functions and localizations (Browman
et al., 2007). Flotillins form a group of SPFH domain-containing proteins characterized by their
localization in the plasma membrane.
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Flotillins were discovered in three independent studies
as a human epidermal surface antigen (Schroeder et al,
1994), as proteins induced during optic nerve regeneration
in the goldfish retinal ganglion (Schulte et al, 1995) and as
proteins of membrane caveolae in a mouse fibroblast tissue
culture (Bickel et al.,, 1997). To this day, the localization and
function of metazoan flotillins has been intensively investigated.
Metazoan flotillins are predominantly targeted to plasma
membrane microdomains, where they are anchored by the
SPFH domain (Morrow et al,, 2002; Neumann-Giesen et al.,
2004; Glebov et al., 2006; Solis et al., 2007; Langhorst et al.,
2008). They were found to be involved in the endocytosis of
glycophosphatidylinositol (GPI)-anchored proteins as well as
caveolae-mediated endocytosis (Volonté et al., 1999; Baumann
et al, 2000). Another function of flotillins likely consists
of affecting other proteins via protein-protein interactions
(Baumann et al., 2000), in which case various tyrosine kinases
(Ullrich and Schlessinger, 1990; Neumann-Giesen et al., 2007;
Amaddii et al., 2012) or proteins of the cytoskeleton (Baumann
et al.,, 2000; Liu et al., 2005; Langhorst et al., 2008; Peremyslov
etal,, 2013) are prominent interactors with mammalian flotillins.
The interaction with partner proteins as well as homo- and
hetero-oligomerization of single metazoan flotillin isoforms is
predominantly provided by the C-terminal domain of flotillins,
where several coiled-coil stretches are present (Neumann-Giesen
et al., 2004; Solis et al., 2007).

The coding regions of flotillin homologs were also identified
in various plant genomes (Di et al, 2010). For example,
the A. thaliana genome contains three homologs of flotillin,
Flotl (At5g25250), Flot2 (At5g25260), and Flot3 (At5g64870)
(Gehl et al, 2014; Jarsch et al.,, 2014) and in this paper these
three isoforms are designated Flot1/2/3 unless stated otherwise.
Similarly to metazoan homologs, Arabidopsis flotillins are able
to form heterooligomers via their C-terminal domain, which
was reported for the direct interaction of Flotl with Flot3 (Yu
et al, 2017). However, the role of plant flotillins, as well as
of most other proteins with a SPFH domain, has not been
fully elucidated. Current findings about the localization and
function of plant flotillins in the context of the known role of
metazoan flotillins have been recently summarized by Danek
et al. (2016). Similarities between the properties of plant and
metazoan flotillins lead to the assumption that plant flotillins
affect other proteins via protein-protein interactions, as with
metazoans.

Arabidopsis thaliana flotillins differ in the localization of
their transcription, because Flotl and Flot2 are predominantly
transcribed in leaves and shoots, while Flot3 is mostly
transcribed in the flower parts and siliques (Danek et al,
2016). Nevertheless, the subcellular localization is similar for all
known flotillins; they are most frequently localized to plasma
membrane microdomains (Li et al, 2012; Hao et al, 2014;
Jarsch et al., 2014; Ishikawa et al., 2015), which are enriched
in sterols, sphingolipids, saturated phospholipids and GPI-
anchored proteins, and play a significant role in membrane
trafficking and cell signaling (Simons and Ikonen, 1997; Simons
and Toomre, 2000; Borner et al., 2005; Jarsch et al., 2014; Cacas
etal., 2016).

Although the anchoring of mammalian flotillins is supported
by their palmitoylation as well as myristoylation (Morrow et al.,
2002; Neumann-Giesen et al,, 2004; Langhorst et al., 2008),
no sites for palmitoylation or myristoylation were predicted
in any of the three A. thaliana flotillins. This indicates that
the anchoring to the membrane is provided by a different
mechanism (Danek et al., 2016). This mechanism could be based
on the specific interaction with sterols, since several putative
CRAC/CARC motifs providing recognition and interaction
with sterols were predicted in the sequence of plant flotillins
(Roitbak et al, 2005; Danek et al., 2016). This hypothesis is
supported by the finding that the Flotl diffusion coefficient
is decreased in plants treated with methyl-B-cyclodextrin, a
sterol-depleting agent (Li et al., 2011, 2012; Hao et al., 2014).
Moreover, it was also observed that the knocking-down of Flot1
affected the internalization of sterol into membranes (Li et al.,
2012).

Since proteins involved in vesicular trafficking and
endocytosis (e.g., ESCRT proteins, exocyst and SNARE subunits
or Rab-GTPase) were proposed to be Flot2 and Flot3 interactors
by Associomics, a split-ubiquitin yeast system-based database
of direct protein-protein interactions' (Jones et al, 2014),
this suggests that plant flotillins could play a similar role
in membrane transport to mammalian ones. Additionally,
plant flotillin microdomains have been shown to be involved
in clathrin-independent endocytosis, inducible by various
stimuli (Li et al, 2011; Hao et al., 2014; Wang et al., 2015;
Yu et al, 2017). The role of flotillins in cell communication
and signal transduction is also considered, because several
types of kinases were found to co-localize with Medicago
truncatula Flot4 (Haney et al., 2011) and interact with all three
AtFlot isoforms (Associomics). The involvement of flotillins in
plant-pathogen interactions was demonstrated, as Flotl lateral
mobility in the plasma membrane was altered upon treatment
with bacterial elicitor flg22, and reduced or increased flg22-
induced callose deposition was observed in plants with Flotl
knocked-down or overexpressed, respectively (Yu et al., 2017).
Arabidopsis amiRNA-Line with reduced Flot1/Flot2 expression
were smaller in size and exhibited structural changes in apical
meristems (Li et al,, 2012), which points to the involvement
of flotillins in plant growth and development. Moreover,
functional linkage and co-localization of plant flotillins and the
cytoskeleton was observed (Li et al, 2012; Peremyslov et al,
2013).

Protein interactions with other cell components are crucial to
maintaining the viability of the whole organism and determining
its phenotypic manifestation. Predominantly, protein-protein
interactions are nowadays intensively examined by various
methods. Among them, immunoprecipitation (IP) or affinity
purification (AP) coupled to mass spectrometry (MS) is the
method of choice (ten Have et al, 2011; Dunham et al., 2012;
Dedecker et al., 2015). However, the investigation of membrane
proteins is challenging due to their hydrophobic character and
low abundance. Nevertheless, there is a current effort to modify
standard procedures in order to facilitate analyses of membrane

"https://associomics.dpb.carnegiescience.edu/Associomics/Home.html
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protein interactions (Qi and Katagiri, 2009; Smaczniak et al,
2012; Van Leene et al., 2015).

The aim of this study was to perform a screening of Flot2
protein interactors in A. thaliana leaves. For this purpose we
used IP with a GFP tag followed by the MS of in vitro cross-
linked membrane proteins. After we confirmed the localization
of Flot2 at the plasma membrane, we showed that the enrichment
of the plasma membrane prior to the IP-MS is a crucial step for
the detection of low-abundance plasma membrane interactors.
The direct interaction of Flot2 with several proteins involved
in the plant response to biotic as well as abiotic stress was
confirmed by an independent method, e.g., by a split-ubiquitin
yeast system (SUS) suitable for the analysis of membrane
proteins.

MATERIALS AND METHODS

Plant Material

Transgenic A. thaliana lines AtFlot2-GFP  with  the
p355:AtFlot2:GFP construct that stably produces the Flot2-
GFP protein were prepared as follows: The coding sequence
was amplified from cDNA prepared from Col-0 using specific
primers 1 and 2 (see Supplementary Table S1) and in-frame
introduced in between the EcoRI and BamHI sites of a modified
pGreen0029 vector containing the CAMV 35S promoter and
3'-terminal GFP coding sequence by restriction/ligation. Stable
transformants were obtained by the Agrobacterium tumefaciens
floral dip method and selected on kanamycin plates. T3
generation plants were used for microscopy and membrane
fractions preparation.

Seeds of the A. thaliana wild type (WT, ecotype Col-0) and
AtFlot2-GFP plants were stratified for 3 days at 4°C, placed on
Jifty 7 peat pellets and cultivated in a growth chamber at 22°C,
with a 10-h day (100-130 pwmol m~2 s7!) and 14-h night cycle
at 70% relative humidity for 1 week. One-week-old plantlets
were individually replanted to Jiffy 7 peat pellets and placed in
a cultivation room with a 16-h day (100-130 pmol m2sh
and 8-h night cycle and 40-50% relative humidity. During the
cultivation, plants were watered with distilled water. Whole
rosettes of 4-week-old plants were frozen in liquid nitrogen to be
used as the material for MS analyses.

Confocal Microscopy

For microscopic observations, seeds of AtFlot2-GFP plants
were surface sterilized and sown onto 'z Murashige-Skoog
basal salt (Duchefa) 1% agar plates supplemented with 1%
sucrose. The seedlings were grown in a vertical position under
100 wmol m~% s=! in a 16/8 h and 22/20°C (light/dark)
cycle. Five-day-old seedlings were observed using a Zeiss 880
laser scanning confocal microscope. Plasmolysis was induced
by treatment with 0.8 M mannitol in !/ Murashige-Skoog
solution for 30 min. Subsequently, the seedlings were incubated
in propidium iodide solution (20 pg/ml in '/ Murashige-
Skoog + 0.8 M mannitol) to counterstain the cell walls. GFP
fluorescence was collected in the 500-550 nm range using 488 nm
laser excitation and a 40x water immersion objective (NA = 1.2).

Preparation of Microsomal and Plasma
Membrane Fractions

Membrane fractions were prepared from 30 g of leaves from 4-
week-old A. thaliana WT and AtFlot2-GFP plants. Leaves were
ground with a pestle and mortar in liquid nitrogen and further
homogenized by sonication for 3 x 35 s (25 W) in 90 ml of
extraction buffer (50 mM HEPES pH 7.5, 400 mM sucrose,
85 mM KCl, 100 mM MgCl,.6H,O, 0.02 mM ascorbic acid)
containing cOmplete™ EDTA-free Protease Inhibitor Cocktail
according to the manufacturer’s instructions (Sigma Aldrich).
The homogenate was centrifuged at 5000 x g for 20 min at 4°C.
The supernatant was filtered through Miracloth (Millipore) and
centrifuged at 200,000 x g for 1 h at 4°C. The pellet (microsomal
membrane fraction) was resuspended in resuspension buffer
(20 mM HEPES pH 7.5, 330 mM sucrose, 1 mM EDTA) to a
total volume of 6 ml, further homogenized in a Potter-Elvehjem
homogenizer and cross-linked by the addition of dithiobis
(succinimidyl propionate) (DSP, Thermo Scientific) to a final
concentration of 5 mM. The suspension was incubated for 30 min
at 4°C with shaking. To quench the reaction, 1 M Tris (pH
7.5) was added to a final concentration of 50 mM, and the
suspension was shaken again for 30 min at 4°C. The microsomal
fraction with cross-linked proteins was pelleted by centrifugation
at 200,000 x g for 1 hat4°C.

To release the protein complexes from the microsomal
fraction, the pellet was resuspended in 6 ml of resuspension
buffer and homogenized with a Potter-Elvehjem homogenizer,
and then 10% (w/v) sodium deoxycholate was added to a final
concentration of 0.5% (w/v). The suspension was incubated
for 30 min at 4°C. Solubilized proteins were collected in the
supernatant obtained by centrifugation at 200,000 x g for 30 min
at 4°C, and the pellet was resuspended in the same way as
before. To further enrich the plasma membrane, the pellet of
the cross-linked microsomal fraction was resuspended in 5 mM
K/Na-phosphate buffer (pH 7.8) and homogenized with a Potter-
Elvehjem homogenizer.

The plasma membrane fraction was prepared from the cross-
linked membrane fraction with a PEG/dextran two-phase system
(Schindler and Nothwang, 2006; Pleskot et al., 2010). After gentle
mixing, the separation was carried out overnight at 4°C, and the
tubes were centrifuged at 1500 x g for 5 min at 4°C. The upper
phase containing the plasma membrane was transferred to the
new tubes, mixed with a blank lower phase and centrifuged again.
The final upper phase was collected, diluted with three volumes of
5 mM K/Na-phosphate buffer (pH 7.8) and centrifuged again at
200,000 x g for 1 h at 4°C. The pellet was resuspended in 600 1
of resuspension buffer, 10% (w/v) sodium deoxycholate was
added to a final concentration of 0.5% (w/v), and the suspension
was incubated for 30 min at 4°C. The protein content in all
isolated fractions was determined by Popov’s method (Popov
et al., 1975) using bovine serum albumin as the standard. Flow
chart of the procedure is depicted on Figure 2A.

Western Blotting and Immunodetection
The content of Flot2-GFP in the respective fractions was
investigated by western blotting and immunodetection. Proteins
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were separated in 10% polyacrylamide SDS-gels at 180 V and
electroblotted onto nitrocellulose membranes (BioTrace™ NT
Nitrocellulose Transfer Membrane, Pall Corporation) at 50 V.
Membranes were rinsed in PBS and blocked in 5% (w/v) non-
fat milk powder in PBS with 0.075% (w/v) Tween-20 (PBST-
75) overnight. Blocked membranes were washed three times
in PBST-75 and incubated with primary antibodies diluted in
5% (w/v) non-fat milk powder in PBST-75 for 1 h. Anti-GFP
rabbit polyclonal serum (Thermo Scientific) 1:5000 was used as
the primary antibody. Membranes were washed three times in
PBST-75 and incubated for 1 h with the secondary antibody,
GAR/IgG(H + L)/PO (Nordic-MUbio) 1:5000 diluted in 5%
(w/v) non-fat milk powder in PBST-75. Signals were visualized
with an AEC staining kit (Sigma Aldrich) or Clarity™ Western
ECL Substrate (Bio-rad).

Immunoprecipitation of Microsomal and

Plasma Membrane Fractions

The IP procedure was performed with Dynabeads® Protein A
microbeads (Thermo Scientific) with bound anti-GFP mouse
monoclonal antibody, isotype IgG;, (Thermo Scientific). Fifty
microliter of pre-washed beads were mixed with 2 pg of
antibodies dissolved in PBS containing 0.05% Tween-20 (PBST-
5) and incubated for 1 h in the vertical rotator. Beads with
bound antibodies were washed three times with 200 1 of PBST-
5 and incubated in 5 mM bis(sulfosuccinimidyl)suberate (BS3,
Thermo Scientific) for 30 min to cross-link the bound antibodies
to protein A. The reaction was quenched by washing the beads
with 200 pl of 1 M Tris/HCI (pH 7.4) three times. The beads were
then equilibrated three times with 200 j1] of resuspension buffer
with 0.5% (w/v) sodium deoxycholate and incubated with 200 1
of the respective membrane fraction for 2 h in a vertical rotator.
Protein complexes bound to the beads were washed three times
with RIPA buffer (50 mM Tris/HCl pH 7.4, 1 mM EDTA, 50 mM
NaCl, 0.5% (w/v) sodium deoxycholate, 1% (w/v) NP-40) and
eluted by incubation of the beads with 20 pl of Laemmli buffer
2 for 10 min at 95°C.

Tryptic Digestion of Proteins

Proteins eluted from the microbeads were separated to a distance
of 1.5 ¢cm in 10% poly-acrylamide SDS-gels at 180 V. Gels
were stained with ImperialTM Protein Stain (Thermo Scientific)
and whole line of each elute of was collected. Each lane was
further sliced into smaller gel pieces and combined into an
Eppendorf tube, washed with water, destained with 0.1 M
NH4HCOs/acetonitrile 1:1 (v/v) and dried with acetonitrile.
To reduce and alkylate the disulphide bonds, the gel pieces
were first incubated with a 10 mM solution of dithiothreitol in
0.1 M NH4HCO; for 45 min at 56°C, and then in a 55 mM
solution of iodoacetamide in 0.1 M NH4HCO; for 30 min at
room temperature. Todoacetamide solution was discarded and
the gel pieces were washed with 0.1 M NH4HCOs/acetonitrile
1:1 (v/v) for 10 min and dried with acetonitrile. MS-Grade
Trypsin solution at a concentration of 12.5 g ml~! dissolved
in cold 50 mM NH4HCO; was added to the gel pieces in a
volume equal to the volume of the pieces, and the mixture was

incubated on ice for 30 min. The excess trypsin solution was then
discarded; the pieces were covered with 50 mM NH;HCO; and
incubated overnight at 37°C. The peptides were extracted from
the gel by two consecutive sonications in 35 and 70% solutions
of acetonitrile in 0.1% trifluoroacetic acid. Both aliquots were
combined and the resulting peptide solution was lyophilized. The
lyophilizate was then resuspended in 0.1% trifluoroacetic acid,
desalted with ZipTip pipette tips according to the manufacturer’s
instructions (Millipore) and purified samples were dried in air.

LC-MS/MS Analysis
The mass spectrometric analysis was performed with a UHPLC
Dionex Ultimate3000 RSLC nano (Dionex) coupled with
an ESI-Q-TOF Maxis Impact (Bruker Daltonics) mass
spectrometer. Dried samples were dissolved in a mixture of
water:acetonitrile:formic acid (97:3:0.1%) and loaded into the
trap column, an Acclaim PepMap 100 C18 (100 pm x 2 cm,
particle size 5 pm, Dionex), with a mobile-phase flow rate
of 5 pLmin~! of A (0.1% formic acid in water) for 5 min.
The peptides were then separated in the analytical column, an
Acclaim PepMap RSLC CI18 (75 pm x 150 mm, particle size
2 pm, Dionex), and eluted with mobile-phase B (0.1% formic
acid in acetonitrile) using the following gradient: 0 min 3% B,
5 min 3% B, 95 min 35% B, 97 min 90% B, 110 min 90% B,
112 min 3% B, and 120 min 3% B. The flow rate during the
gradient separation was set to 0.3 pLmin~'. Peptides were eluted
directly to the ESI source-captive spray (Bruker Daltonics).
Measurements were performed in DDA mode with precursor-
ion selection in the range of 400-1400 Da; up to 10 precursor
ions were selected for fragmentation from each MS spectrum.
Peak lists were extracted from the raw data with the software
Data Analysis 4.1 (Bruker Daltonics). Proteins were identified in
the software Proteinscape 3.1 (Bruker Daltonics) using in-house
Mascot server 2.4.1 (Matrix Science) with the A. thaliana protein
database downloaded from® (October 2016). The parameters for
the database search were set as follows: carbamidomethyl (C)
as fixed modification, oxidation (M) and CAMthiopropanoyl
(K, N-terminus) as variable modifications, tolerance 10 ppm in
MS mode and 0.05 Da in MS/MS mode, enzyme trypsin one
miscleavage. In MS intensity-based semiquantitative analysis the
relative intensities of unique peptide signals were averaged to
express individual protein abundance. Only proteins identified by
two or more peptides were taken into account and the intensities
of precursor ions with the best mascot score were used. Finally,
the relative quantification index (RQI) representing the ratio of
the resulting protein abundance between the AtFlot2-GFP plant
sample and WT sample was calculated for each protein, and
the proteins with RQI higher than three were considered to be
enriched.

Split-Ubiquitin System

The Flot2 coding sequence was amplified from cDNA prepared
from Col-0 using specific primers 3 and 4 (see Supplementary
Table S1) and introduced in between the Sall and Notl
restriction sites of the pENTR3c¢ Dual Selection vector (Thermo

http://www.uniprot.org
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Fisher) in a manner that allowed C-terminal protein fusion by
restriction/ligation. LR recombination with the pMetYC-DEST
vector encoding the C-terminal split-ubiquitin moiety as well
as the LEU2 gene was then performed using Gateway ™ LR
Clonase™ 11 Enzyme mix (Thermo Fisher) to obtain the final
vector for yeast transformation.

Putative interactor coding sequences were amplified from
¢DNA prepared from Col-0 using specific primers 5-26 (see
Supplementary Table S1) and introduced in between the Kpnl
and Notl (AtPIP2-6 and AtSYP71) or Sall and NotI (the rest of
the sequences) restriction sites of the pENTR3¢ Dual Selection
vector (Thermog Fisher) in a manner that allowed N-terminal
protein fusion by restriction/ligation. LR recombination with
a pNX35-DEST vector encoding the N-terminal split-ubiquitin
moiety as well as the TRP1 gene was then performed using
Gateway™ LR Clonase™ II Enzyme mix (Thermo Fisher) to
obtain the final vector for yeast transformation.

The THY.AP4 yeast strain was cotransformed (Hachez et al,,
2014) with Flot2-pMetYC and X-pNX35 (X = investigated
putative interactor of Flot2) vectors by the lithium acetate/single-
stranded carrier DNA/PEG method (Grefen et al., 2009; Grefen,
2014) and plated on YNB + CSM (both MP Biomedicals)
medium lacking Leu and Trp supplemented with 2% glucose
and 50 LM Met. After a 2-day recovery at 30°C, freshly grown
colonies were resuspended in milliQQ water and diluted to obtain
suspensions of optical densities (ODgpg) equal to 1.0, 0.1, and
0.01. Drops of 10 pl were placed on plates with YNB 4+ CSM
selective medium lacking Leu, Trp, Ade, and His, supplemented
with 2% glucose and 50, 250, and 500 uM Met. Yeast growth was
visually assessed after incubation for 2 days at 30°C.

The non-recombined pNX35 vector encoding for NubG,
which was unable to reassemble with Cub co-transformed with
Flot2-pMetYC, was used as the negative control, whereas the
pNubWT-Xgate vector encoding for the wild-type Nub moiety
spontaneously reassembling with Cub cotransformed with Flot2-
pMetYC was used as the positive control in the SUS growth
assay.

The pMetYC-DEST, pNX35-DEST, and pNubWT-Xgate
vectors as well as the THY.AP4 yeast strain were kindly
provided by Christopher Grefen, University of Tubingen,
Germany. AtPIP2-7-pNX32 was kindly provided by Frangois
Chaumont and Timothée Laloux, Université catholique de
Louvain, Belgium.

RESULTS

Plasma Membrane Localization of
Flot2-GFP

Since the only experimental evidence of the subcellular
localization of Flot2 at the plasma membrane was found
when YFP-fused A. thaliana Flot2 was transiently expressed in
Nicotiana benthamiana leaf epidermal cells (Jarsch et al., 2014),
we investigated the localization of Flot2-GFP directly in the
epidermal cells of A. thaliana roots and cotyledons (Figure 1A).
We observed that Flot2-GFP is predominantly localized at the
plasma membrane in both of these diverse A. thaliana tissues.
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FIGURE 1 | Flot2-GFP localization at plasma membrane. (A) Confocal
microscopy images showing Flot2-GFP localization at plasma membrane in
epidermal cells of roots and cotyledons of Arabidopsis Flot2-GFP plants;
(B) Confirmation of Flot2-GFP localization at plasma membrane in
plasmolyzed root epidermal cells. The Flot2-GFP signal is detected at the
plasma membrane of contracted protoplasts. Seedlings were treated with
0.8 M mannitol and subsequently stained with propidium iodide to mark cell
walls.

Flot2-GFP localization at plasma membrane was confirmed by
subjecting root cells to the plasmolysis induced by mannitol;
no Flot2-GFP signal was detected at the cell wall (Figure 1B).
Therefore, not only the microsomal fraction, but also the
enriched plasma membrane fraction was prepared to perform the
IP-MS experiment. The lines overexpressing Flot2-GFP did not
exhibit any apparent growth differences from Col-0 plants.

Enrichment of Flot2-GFP in Plasma

Membrane Fractions

The microsomal fraction was isolated according to Qi and
Katagiri (2009). A DSP cross-linker was used to fix the interacting
proteins in the microsomal fraction before the dissolution of
membranes with 0.5% (w/v) sodium deoxycholate. Due to the
plasma membrane localization of Flot2, we also enriched the
plasma membrane fraction with an extract from the cross-linked
microsomal fraction, because the direct determination of its
plasma membrane interactors could better contribute to the
characterization of Flot2’s function. A flow chart of the procedure
is depicted in Figure 2A.

During the isolation process, the presence of Flot2-GFP in
each obtained fraction was detected by immunoblot analysis
using the antibodies against GFP. Significant loss of the
Flot2-GFP content caused by additional ultracentrifugation was
observed between the native (line M) and cross-linked (line
Mx) microsomal fraction (Figure 2B). We also analyzed the
content of Flot2-GFP in fractions obtained after the dissolution
of the cross-linked microsomal fraction by sodium deoxycholate;
a higher amount of Flot2-GFP remained in the undissolved
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FIGURE 2 | Preparation and characterization of Flot2-GFP membrane fractions. (A) Flow chart of the preparation and analysis of membrane fractions;

(B) Immunoblot analysis of Flot2-GFP content in cytosolic fraction (C), microsomal fraction (M), supernatant obtained after pelleting of cross-linked microsomal
fraction (Sx), cross-linked microsomal fraction (Mx), plasma membrane fraction isolated from cross-linked microsomal fraction (PMx), 0.5 g of total proteins were
loaded into all lines; (C) Immunoblot analysis of Flot2-GFP content in whole cross-linked microsomal fraction (Mx), fraction dissolved by 0.5% (w/v) sodium
deoxycholate (Mx-S) and fraction undissolved by 0.5% (w/v) sodium deoxycholate (Mx-P), 10 pg of total proteins were loaded into all lines.

fraction (Figure 2C). Nevertheless, the total protein as well as
Flot2-GFP content in the dissolved microsomal fraction was
sufficient to perform the IP-MS analysis.

During the isolation of the plasma membrane fraction, a
significantly lower yield of total proteins was obtained compared
to the yield of proteins in the microsomal fraction. Finally,
only approximately 2 g of total proteins per 1 g of initial
material were obtained in the enriched plasma membrane
fraction. Nevertheless, the signal of Flot2-GFP in the enriched
plasma membrane fraction (PMx line) was more intense than its
signal in the cross-linked microsomal fractions (Mx line), which
indicates that Flot2-GFP was successfully enriched in the plasma
membrane fraction (Figure 2B).

Identification of Proteins Interacting With
Flot2-GFP

Immunoprecipitation-M$ of the microsomal as well as plasma
membrane fraction was performed in nine repetitions. Only
proteins which were detected at least three times in the
immunoprecipitated AtFlot2-GFP membrane fractions and were
not detected in the WT membrane fractions (control) were
considered to be potential interactors of Flot2-GFP (Table 1).
However, three additional proteins which were also detected
in the control samples were included in the list of potential

interactors, since they were significantly enriched in the AtFlot2-
GFP sample according to MS intensity-based semiquantitative
analysis. It can be seen in Table 1 that the IP-MS of the
microsomal fraction provided a substantially lower number of
potential interactors than the plasma membrane fraction. In total,
16 proteins were detected in this fraction, and only three of those
were proposed to be Flot2 interaction partners. The majority
of the detected proteins were actually only detected in one or
two repetitions (Supplementary Table S2a). On the other hand,
61 proteins were enriched in the AtFlot-GFP plasma membrane
fraction (Supplementary Table 52b). Of those, 19 proteins were
proposed to be Flot2 interaction partners (Table 1).

To obtain greater insight into the proteins enriched by IP in
both analyzed fractions (see Supplementary Table 52), a cluster
analysis of GO annotation terms with respect to their localization
and biological significance was performed using the DAVID
Bioinformatics Resources annotation tool’ (Huang et al., 2009;
Figure 3). Through the analysis of GO Cellular Component
terms, it was found that the terms connected with the plasma
membrane localization were only enriched when the plasma
membrane fraction was used for the purification. This result
shows the crucial importance of the appropriate fractioning of
membrane proteins prior to their analysis. One of the most

*hutp:/fdavid.nciferf.gov
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TABLE 1 | Potential interactors of Arabidopsis flotillin 2.

F Protein Gene name Locus Counts RQI
AtFlot2-GFP WT

M Flotillin 2 FLOT2 Atbg26260 9 - -
Ubiquitin-608 ribosomal protein L40-1 RPL40A At2g36170 5 - -
Aguaporin PIP2-1 PIP2-1 At3g53420 5 - -
Glyceraldehyde-3-phosphate dehydrogenase GAPA1 AL3g26650 3 = =

PM Flotillin 2 FLOT2 Atbg25260 9 - -
Photosystem | reaction center subunit II-2, chloroplastic PSAD2 At1g03130 5 - -
ATPase 1, plasma membrane-type AHAT At2g18960 3 - -
Early-responsive to dehydration stress protein ERD4 At1g30360 3 - -
ABC transporter G family member 36 ABCG36 At1g59870 3 - -
Ubiquitin-B0S ribosomal protein L40-1 RPL40A At2g36170 3 - -
Agquaporin PIP1-2 PIP1-2 At2g45960 3 - -
Syntaxin-71 SYP71 At3g09740 3 - -
Aquaporin PIP2-2 PIP2-2 At2g37170 3 - -
Harpin-induced protein-like NHL3 Atbg06320 3 - -
Hypersensitive-induced response protein 2* HIR2 At3g01290 3 - -
Pyrophosphate-energized vacuolar membrane proton pump 1 AVP1 At1g15690 3 - -
Tubulin beta-5 chain TUBBS At1g20010 3 - -
5-methyltetrahydropteroyltri-glutamate-homaocysteine methyltransferase 1 MS1 Atbg17920 3 - -
Probable aquaporin PIP2-6 PIP2-6 At2g39010 3 - -
Probable inactive receptor kinase - At5g16590 3 - -
Aguaporin PIP2-1 PIP2-1 At3g53420 9 5 4.4
Aguaporin PIP2-7 PIP2-7 Atdg35100 8 3 3.5
Carbonic anhydrase 2, chloroplastic BCA2 At5g14740 7 1 3.2

F, fraction; M, microsomal fraction; PM, plasma membrane fraction; Counts, number of IP repetitions {out of nine), in which the protein was detected; RQY, relative intensity

index; * At3g01290 is desighated as HIR3 in UniProt database (www.uniprot.org).

frequently occurring annotations of proteins purified from the
plasma membrane fraction was localization in chloroplasts.
When we mapped the proteins clustered within the chloroplast
annotation, we found that half of them are simultaneously
annotated to be localized in both, the plasma membrane and
chloroplasts. Thus it is clear that the results of GO annotation
cluster analysis can be influenced by the multiple annotations
that exist for the proteins, and should therefore be carefully
inspected.

According to the clustering of the GO Biological Process terms
of proteins purified from the plasma membrane fraction, the
potential interactors of Flot2 are predominantly involved in the
plant response to various stress factors, such as the presence
of cadmium ions, abscisic acid, bacteria, salt stress or water
deprivation. Additionally, the response to water deprivation is
the only process common to the proteins purified from both
fractions.

Verification of Flot2 Interactions by
Split-Ubiquitin Yeast System

After having determined the potential Flot2 interactors, we
applied the yeast SUS to test whether some of the revealed
proteins interact directly with Flot2. In the system used, Flot2 was
C-terminally fused with the C-terminal moiety of ubiquitin (Cub)
and hybrid transcription factor PLV (ProteinA-LexA-VP16),

which enables yeast growth on the selection medium. The
methionine-repressible vector allows expression tuning in order
to avoid false positive results (Grefen et al, 2007). Selected
potential interactors of Flot2 were N-terminally fused to the
N-terminal moiety of mutated ubiquitin (NubG), which is
prevented from spontaneously reassembling with Cub.

Twelve possible interactors from Table 1 were investigated
by SUS, of which seven gave positive results (Figure 4).
Among the five plasma membrane aquaporins, yeast growth
was only observed for PIP1-2 and PIP2-6. Nevertheless, the
yeast growth was relatively weak for both PIPs. This suggests a
weak or very transient interaction between PIPs and Flot2. The
strong yeast growth apparent for plasma membrane ATPase 1
(AHA1), early-responsive to dehydration (ERD) stress protein
(ERD4), hypersensitive-induced response protein 2 (HIR2),
harpin-induced protein-like (NHL3) and syntaxin-71 (SYP71)
demonstrate physical interaction with Flot2. The expression
of aquaporins PIP2-1, PIP2-2, and PIP2-7, pyrophosphate-
energized vacuolar membrane proton pump 1 (AVP1) and
probable inactive receptor kinase (At5g16590) in co-transformed
yeasts was confirmed (see Supplementary Figure 1) to rule
out the possibility that the lack of yeast growth observed
in these cases was caused by a lack of Nub-fused prey
proteins. The positive expression of all five putative interactors
implies that none of these proteins would directly interact with
Flot2.
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FIGURE 3 | Cluster analysis of GO annotation terms of proteins enriched by IP of microsomal and plasma membrane fraction. The DAVID Bioinformatics Resources
functional annotation clustering algorithm was used to cluster the most significant terms in the GO Cellular Compenent and GO Biological Process annotations. The
terms are ordered from least frequent (top) to most frequent (bottom). Black bars indicate terms enriched with p < 0.01, gray bars indicate terms enriched with
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DISCUSSION the plasma membrane was only observed when YFP-fused Flot2

Flot2-GFP Cellular Localization

Although metazoan flotillins were found to be most frequently
localized to plasma membrane microdomains or endosomes
(Baumann et al,, 2000; Dermine et al., 2001; Glebov et al.,
2006; Neumann-Giesen et al., 2007; Langhorst et al., 2008), they
were also rarely detected in the mitochondria or nucleus of
human cells (Santamaria et al., 2005 Ogura et al., 2014). In
plants, a similar localization was observed in several studies,
where the A. thaliana Flotl, Picea meyeri Flotl, and Oryza sativa
Flotl were enriched in the plasma membrane DRM fraction
(Triton X-100-insoluble plasma membrane fraction) prepared
from A. thaliana calli, spruce pollen tubes, and rice cells (Borner
et al, 2005; Liu P. et al., 2009; Ishikawa et al., 2015), While
Flot1 localization to the plasma membrane was confirmed by the
confocal microscopy of A. thaliana stably transformed with GFP-
Flot1 (Lietal, 2012; Hao et al., 2014), the localization of Flot2 to

was transiently expressed in N. benthamiana leaf epidermal cells
(Jarsch et al., 2014). Therefore, we investigated the localization of
Flot2 directly in the epidermal cells of the roots and cotyledons
of A. thaliana stably transformed with Flof2-GFP, and thus we
confirmed its predominant localization to the plasma membrane
(Figure 1).

Enrichment of Flot2-GFP Containing

Complexes

Due to the many difficulties associated with the IP/AP-MS
of membrane protein complexes, new approaches are being
investigated (Qi and Katagiri, 2009; Smaczniak et al., 2012; Huang
and Kim, 2013; Dorr et al., 2016). Because of the low abundance
of membrane proteins, there is a need to use harsh conditions
in order to ensure their efficient solubilization and release
from the membrane. To maintain protein interactions under
these conditions, chemical cross-linkers providing a covalent
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FIGURE 4 | SUS test. Yeast strain THY.AP4 co-expressing Flot2-Cub-PLV
and Nub fused with investigated possible interactors were plated in decimal
dilution (ODggg = 1.00 or 0.10 or 0.01) onto selective media (without Ade, His,
Leu, Trp) which was supplemented with 50, 250, or 500 uM Met in order to
obtain a different expression level of the bait. Yeast growth rate was gradually
repressed with an increasing concentration of Met. Only plates with 500 pM
Met are presented. Plates were incubated for 48 h at 28°C. NubWT and
NubG as prey were used as positive and negative controls, respectively.
Similar growth performance was observed for each interaction with at least
three biclogical replicates.

binding of proteins in complexes could be used. With plant cell
suspension cultures or seedlings, in vive cross-linking can be
performed using membrane-permeable cross-linkers such as DSP
(Jafferali et al., 2014; Kaake et al., 2014). Nevertheless, in vitro
cross-linking has also been successfully applied, where full-grown
plants were used as input material (Qi and Katagiri, 2009; Qi
etal, 2011). The chemical cross-linking of protein complexes also
enables more stringent conditions to be used during IP/AP to
eliminate the non-specific background.

Whole plants or their specific tissues, organs or cell
compartments need to be analyzed when the plant development
pathways or pathways specific for tissue, cell type or cell
compartment are being studied (Ephritikhine et al., 2004; Tan
et al,, 2008). Nevertheless, the presence of abundant soluble
proteins during the purification step can greatly contribute to
an increase in false positives and, additionally, could be also
problematic in MS-based approaches, where soluble proteins
are favored over hydrophobic and low-abundant membrane
proteins (Gilmore and Washburn, 2010). Therefore, the isolation
of the whole membrane fraction or individual membrane
compartments should be performed prior to purification (Speers
and Wu, 2007; Qi and Katagiri, 2009; Savas et al., 2011).

In our study, we used both the in vifro cross-linking of
membrane proteins in close proximity to each other to maintain
the interactions in complexes during sample preparation, and
the enrichment of Flot2-GFP in microsomes and the plasma
membrane fraction prior to IP-MS. Compared to the results
obtained by the IP-MS of the microsomal fraction, we were
able to capture a substantially higher number of interactors
localized to the plasma membrane by IP-MS of the enriched
plasma membrane (Figure 3). Despite the large amount of initial
plant material entering the analysis, due to the low abundance

Arabidopsis Flotillin 2 Interacting Proteins

of plasma membrane within plant membranes, together with
the substantial loss of plant material during the isolation of
the plasma membrane from whole plants, we believe that this
direct approach is indispensable for a better description of plasma
membrane complexes.

Determination of Flot2 Interactors

We used IP-MS to suggest potential interacting partners of
Flot2. TP/AP-MS has become widely used nowadays, mainly
thanks to the development of MS instrumentation that enables
more efficient data acquisition. On the other hand, unfiltered
IP/AP-MS data sets could give a large number of false positive
interactions. To deal with this, a high number of repetitions
and high number of controls should be analyzed (Pardo and
Choudhary, 2012), different tags (Ho et al., 2002) as well as
tag combinations (Van Leene et al, 2015) can be used, or
some computational or informatics strategies can be applied
for the evaluation of specific protein interactors (Collins and
Choudhary, 2008; Choi H. et al,, 2011; Nesvizhskii, 2012).

To identify specific interactors from the obtained IP-MS data
set, some independent techniques such as Forster resonance
energy transfer (FRET) or yeast two-hybrid assay can be used.
In our study we suggested potential interactors by IP-MS and
the specific interactors of Flot2 were then determined by SUS, a
variant of yeast two-hybrid assay suitable for detecting a direct
interaction between membrane-localized proteins.

Although SUS is far less used than the classical yeast two-
hybrid test or bimolecular fluorescence complementation, it has
been applied in more than 200 publications in major plant
science journals to date (reviewed in Xing et al., 2016). Since SUS
is a protein fragment complementation-based assay, there is a
possibility of false positive (in comparison with e.g., FRET) as well
as false negative results. To assess the possibility of false negative
results (i.e., PIP2-1, PIP2-2, PIP2-7, AVP1, and At5g16590 in our
study), it is necessary to keep in mind that the proper localization
of both split ubiquitin moieties (to enable their reassembling at
the cytoplasmatic side of the membrane) is a crucial prerequisite
for the successful application of SUS. Therefore, the position of
the N- or C-terminus of the investigated proteins (inside versus
outside the cytoplasm) has to be considered when deciding,
which protein terminus should be tagged with the split-ubiquitin
moiety. In our study, all selected putative Flot2 interactors were
fused at their N-terminus with NubG. In PIPs, both N- and
C-terminal stretches are localized on the cytoplasmic sides of
biomembranes (Murata et al., 2000; Luang and Hrmova, 2017),
so tagging with NubG at each end is possible.

Nevertheless, proposing a suitable position for NubG fusion
is tricky with AVP1 and At5g16590. AVP1 membrane topology
prediction in tonoplasts suggests that both ends are localized
inside vacuolar lumen (Pizzio et al., 2017). Hence, neither N-
nor C-terminal fusion to NubG would be relevant for the
interaction with cytoplasm-facing Cub. The structure of the
At5gl6590 protein is not published, and membrane-protein
topology predictors do not provide unambiguous results (e.g.,
TMpred predicts the N-terminus in the cytoplasm while
TMMOD predicts it on the extracellular side). On the other
hand, At5g16590 belongs to a leucine-rich repeat kinase family,
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the majority of which have their N-terminal domains on the
extracellular side of the plasma membrane (Diévart and Clark,
2003). However, several interactors were found for both NubG-
and Cub-fused AVP1 and At5gl6590 protein in Associomics.
Thus, additional SUS assays with AVP1 and At5g16590 fused to
NubG at their C-terminus will be necessary to further verify the
interaction with Flot2 and potentially rule out the results found
in this study as a false negative.

Flot2 Interactors Are Found in Specific

Plasma Membrane Subfractions

In our study, Flot2-GFP was found to be enriched in the
deoxycholate-insoluble part of the microsomal fraction and the
enriched plasma membrane fraction (Figure 2). Correspondingly
most of the putative interactors found in our screen were already
identified in membrane fractions resistant to mild detergents.
AHA1, SYP71, NHL3, ERD4, PIP1-2, PIP2-7, and HIR2 as well
as other HIR homologs HIRI and HIR4 were enriched in the
plasma membrane DRM fraction obtained from Arabidopsis
plants, calli or suspension cells (Shahollari et al., 2004; Borner
et al,, 2005; Keinath et al,, 2010). Moreover, homologs of SYP71,
AHAL, and several PIPs were found in the plasma membrane
DRM fraction from tobacco leaves (Mongrand et al, 2004).
Although Flot2 was not identified in any of those studies,
its closest homolog Flotl (Yu et al, 2017) was reported to
be present in similarly prepared plasma membrane fractions
(Borner et al., 2005; Ishikawa et al,, 2015). Additionally, rice
Flot was also enriched when plasma membrane DRM fractions
were prepared from rice (Ishikawa et al., 2015). Additionally,
AHA1 and HIR2 together with AHA2, HIRI, and HIR4 were
identified as major proteins tightly associated with a plasma
membrane resistant to NaCl and Na; CO3; washing (Marmagne
et al,, 2007). Such a co-occurrence in specific plasma membrane
sub-compartments may suggest a functional linkage in many
cellular processes.

Identified Interactors Suggest Putative
Functions
Flot2 transcription is highly upregulated upon bacterial, fungal,
viral and oomycetal infection (Mohr and Cahill, 2007; Danek
et al.,, 2016). Its transcription together with that of SYP71, HIR2,
NHL3 and Flot3, HIR1, HIR3, and HIR4 were increased under
viral infection (Ascencio-Ibanez et al., 2008). Increased HIR2,
Flot2 as well as Flotl transcription in mutants with altered
systemic acquired resistance also suggests their involvement in
this type of defense mechanism (Mosher et al., 2006). Moreover,
the content of direct Flot2 interactors SYP71, AHA1, NHL3,
ERD4, HIR2, and the HIR1 and HIR4 content in the plasma
membrane DRM fraction was increased after treatment with the
bacteria-derived elicitor flg22 (Keinath et al., 2010). Several of
these interactors have been reported to be involved in resistance
against pathogens.

Flot2 has already been found to directly interact with SYP71,
a member of a plant-specific subfamily of Qc SNARE proteins
(Sanderfoot et al., 2001). SYP71 transcription is increased under
viral infection (Ascencio-Ibanez et al., 2008) and it plays a role

in viral protein within the cell (Wei et al, 2013). Wheat and
rice SYP71 homologs confer resistance to stripe rust and blast,
respectively, and their transcription is upregulated upon infection
by the respective pathogens, as well as upon treatment with
hydrogen peroxide (Bao et al., 2012; Liu et al,, 2016), a hallmark
of hypersensitive plant defense (Coll et al., 2011). Lotus japonicus
SYP71 is important for proper nodulation in Mesorhizobium loti
symbiosis (Hakoyama et al., 2012). Interestingly, M. truncatula
Flot2 and Flot4 are involved in nodulation, probably due to an
interaction with an activated nodulation factor receptor (Haney
and Long, 2010; Haney et al,, 2011).

HIR2, another direct interactor of Flot2, belongs to the
subfamily of SPFH proteins and is thus related to flotillins (Di
et al., 2010). Four Arabidopsis HIRs interact with one another
and HIR2 and HIR1 directly interact with the immune receptor
RPS2. The interaction participates in effector-triggered resistance
against Pseudomonas syringae (Qi et al., 2011). HIR homologs
in pepper, rice and barley mediate the hypersensitive response
to pathogens via an interaction with leucine-rich repeat proteins
(Jung and Hwang, 2007; Zhou et al., 2009, 2010; Choi HW. et al.,
2011; Cheng et al., 2017).

NHL3 (NDRI/HINI-LIKE 3) is another directly interacting
protein involved in the plant-pathogen interaction. The
transcription of NHL3 is induced by salicylic acid treatment,
bacterial infection (Varet et al., 2002; Ditt et al., 2006), hydrogen
peroxide treatment (Davletova et al., 2005) and by spermine,
a polyamine signaling molecule inducing the expression
of pathogenesis-related genes (Zheng et al, 2004). The
overexpression of NHL3 leads to increased resistance to
P. syringae. NHL3 was shown to be tightly associated with
the plasma membrane (Varet et al., 2003), where it physically
interacts with the oxidation-related zinc finger one protein that
is also involved in salicylic acid-mediated defense reactions to
bacterial attack (Singh et al., 2018).

The plasma membrane-localized H*ATPase AHAL is a
major proton pump contributing to stomata opening (Yamauchi
et al, 2016), which makes it also closely connected with
pathogen resistance reactions. AHA1 activity is altered by methyl
jasmonate treatment (Yan etal., 2015) and binding to the bacterial
effector AvrB (Zhou et al., 2015) or RIN4, a target of bacterial
effectors (Liu J. et al., 2009), AHAI together with HIR2 and HIR4
co-immunoprecipitated with HIR1 (Lv et al., 2017) and with Bax
Inhibitor 1, an ER-localized suppressor of cell death after fungal
infection (Weis et al., 2013). Interestingly, the overexpression of
Bax Inhibitor 1 in rice cells resulted in the depletion of rice Flot
and HIR homologs from DRM (Ishikawa et al.,, 2015). These
findings suggest the involvment of HIRs, Flots and AHA1 in
a shared pathway controling cell death and/or the reaction to
pathogen attack.

We observed a direct interaction with two (PIP1-2 and
PIP2-6) of five PIPs co-immunoprecipitating with Flot2. PIPI-
2, PIP2-1, PIP2-2, and PIP2-7 transcription is significantly
decreased under drought stress, whereas PIP2-6 transcription
does not change (Alexandersson et al, 2005). PIP1-2 alone
contributes, but due to functional redundancy with other PIPs, it
is not essential for plant growth or water transport (Postaire et al.,
2010); however, it is important for CO; permeability and thus for
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the net photosynthesis rate (Heckwolf et al., 2011; Uehlein et al,,
2012).

Besides this, the proper cellular trafficking of PIP2-7 and
PIP2-2 between endomembranes and the plasma membrane is
dependent on direct interaction with SYP121 and SYP61 (Hachez
etal., 2014). A similar requirement was reported for maize PIP2-5
(Besserer et al., 2012). SYP121 also directly interacts with PIP2-2
(Besserer et al., 2012) and co-immunoprecipitates with SYP71 as
well as some other SYPs, and, moreover, with HIR2 (Fujiwara
et al., 2014). In addition, functional aquaporins are formed as
tetramers, where the hetero-tetramerization of several single PIP
isoforms has been reported (Jozefkowicz et al., 2017). The hetero-
oligomerization of PIP1 and PIP2 group aquaporins is necessary
for the trafficking of maize PIP1s to the plasma membrane
(Zelazny et al., 2007).

PIP2-1 and PIP1-2 interact with several hundred proteins.
Physical interaction was confirmed for PIP2-1 and NHL3

(Bellati et al, 2016), and three HIRs were detected to co-
immunoprecipitate with at least one of PIP2-1 and PIP1-2.
Therefore, a putative indirect linkage between PIP2-1, PIP2-2,
PIP2-7, and Flot2 may be realized via PIP2-6 and PIP1-2, via
SYP71 and SYP121 (with or without the involvement of HIR2),
or via NHL3 or HIR2. Moreover, PIP2-1 transcription in roots
is decreased upon exposure to NaCl (Boursiac et al., 2005)
and PIP2-1 was observed to be endocytosed from the plasma
membrane upon NaCl treatment via Flot1-mediated endocytosis
(Li et al, 2011). A similar involvement of Flotl in clathrin-
independent endocytosis was observed for the ammonium
transporter AMT1-3 (Wang et al., 2015). Interestingly AMT1-
3 was also found to interact with several Flot2 interactors
determined in our study (Bellati et al,, 2016). The function of
Flotl endocytosis remains unclear, but based on the very close
similarity of both isoforms, it is possible that a Flot2-based
complex can be implicated in similar processes.

Biological process

plant-pathogen interaction

intracellular transport

growth and development

. water transport and
dehydration response

A

Cornichon

WAK3

represent direct binding with Flot2 verified by SUS, while dashed red lines depict

fields.

FIGURE 5 | Graphical representation of Flot2 interaction network. Interactors experimentally determined in our study are displayed in red boxes. Solid red lines

lines represent direct (solid lines) or indirect (dashed lines) interactions published in literature and mentioned in discussion. Pair-wise interactions confirmed by yeast
two hybrid or split ubiguitin assay, bimolecular flucrescence complementation or FRET/FLIM measurement are assumed as direct. Proteins found in co-IP assays
and determined by mass spectrometry or revealed in tagged-protein pull-down assays, which were neither tested nor confirmed to be direct (by the methods listed
above), were considered putative indirect interactors. Black boxes and lines represent most common direct interactions retrieved from Associomics database, which
are common to several proteins detected in our study as well as Flot2. The implication of interactors in important biological processes is distinguished by colored

putative indirect interactions with Flot2 with negative SUS results. Blue boxes and
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AHA1 also contributes to water transport by its direct
interaction with phytosulfokine receptors PSKR1 and PSKR2
and cyclic nucleotide-gated channel 17, a receptor for cyclic
guanosine monophosphate. The application of both signal
ligands leads to increased water influx, which is important for
the volume growth of plant cells (Ladwig et al., 2015). Similarly,
AHA1 is phosphorylated with the activated receptor of the
peptide plant regulator PSY1R, which leads to root and hypocotyl
elongation (Fuglsang et al., 2014). Proper AHA1 trafficking to the
plasma membrane is important for plant growth, as plants with
AHAL accumulated in their endomembranes are smaller in size
(Hashimoto-Sugimoto et al., 2013).

The participation of Flot2 in water management is also
suggested by the direct interaction between Flot2 and ERD4,
a member of the ERD protein family (Kiyosue et al., 1994).
Enhanced tolerance to drought and salt stress was observed in
Arabidopsis overexpressing maize ERD4 (Liu Y. et al., 2009).

Although the identification of Flot2 specific interactors can
suggest a potential role of Flot2 in A. thaliana, further studies are
required. Phenotypic analysis of Flot2 loss-of function mutants
could be a valuable approach. We initially tested several abiotic
and biotic treatments using a flot2 T-DNA insertion line but
did not observe any major effect different from wild type plants.
Since there are three isoforms of flotillins encoded in A. thaliana,
functional redundancy of these single isoforms may be an
explanation for this lack of phenotype. Generation of multiple
mutants may thus be necessary.

Flot2 Interactome Forms a Complex
Interlinked Network

As has already been pointed out, proteins found to interact
with Flot2 in this study may also in many cases interact with
each other, and thus it is possible that a given protein may
be involved in several cellular functions. The situation gets
even more complicated when direct interactors of each protein
retrieved from the Associomic database are added to the list
(Figure 5). Interestingly, it could be seen in Associomics that
many of the Flot2 interactors found in this study also interact
with other Flot2 interactors listed in Associomics. The most
common interactors are NHL3, cornichon and IQD6. Since these
proteins have several hundred interactors in Associomics, they
could serve as real docking hubs for many proteins in the plasma
membrane, and could thus be the crossroads or signposts of
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Supplementary Figure 1. Expression of fusion proteins in yeasts. Bands of corresponding
molecular weight are marked with arrows. Proteins were separated on SDS-PAGE and blotted
onto a nitrocellulose membrane using wet transfer. Membranes were probed with anti-HA
primary antibody (Biolegend, cat. no. 901501) (1:2000, 1.5 h) and anti-mouse (1:5000, 1 h)
secondary antibody. Panel A - Yeast cells were disrupted in lysis buffer (400 mM sucrose, 50
mM HEPES, 100 mM KCl, 100 mM MgCl,, cOmplete Protease inhibitor Cocktail, ImM
DTT, pH 7.5) and centrifuged for 10 min at 6010 x g. The supernatant was further centrifuged
for 1h at 27 460 x g in 4 °C. The pellet was resuspended in 1xPBS containing 5 % glycerol
and used for immunoblotting. 15 pg of proteins were loaded into lanes and separated on 4-

15 % SDS-PAGE. Panel B - Crude protein extracts were prepared according to (Grefen,
2014) and 10 pl of each sample was separated on 10 % SDS-PAGE.
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SUMMARY

Current models of plasma membrane (PM) postulate its organization in various nano- and
micro-domains with distinct protein and lipid composition. While metazoan PM microdomains
usually display high lateral mobility, the dynamics of plant microdomains is often highly
spatially restricted. Here we have focused on the determination of the PM distribution in
microdomains for Arabidopsis thaliana flotillin (AfFLOT) and hypersensitive induced reaction
proteins (47HIR), previously showed to be involved in response to extracellular stimuli. Using
in vivo laser scanning and spinning disk (SD) confocal microscopy in Arabidopsis thaliana we
present here their microdomain localization in various epidermal cell types. Fluorescence
recovery after photobleaching (FRAP) and kymographic analysis revealed that PM-associated
AtFLOTSs contain significantly higher immobile fraction than AfHIRs. In addition, much lower
immobile fractions have been shown in tonoplast pool of AfHIR3. Although both groups of
proteins were spatially restricted in their PM distribution by corrals co-aligning with
microtubules (MTs), pharmacological treatments showed no or very low role of actin and
microtubular cytoskeleton for A/FLOT and AfHIR microdomain organization. Finally,
pharmacological alteration of cell wall (CW) synthesis and structure resulted in changes in
lateral mobility of AFLOT2 and A/HIRI. Accordingly, partial enzymatic CW removal
increased the overall dynamics as well as individual microdomain mobility of these two
proteins. Such structural links to CW could play an important role in their correct positioning

during PM communication with extracellular environment.
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INTRODUCTION

Plant PM is an essential cell compartment representing communication and transport
interface between cell interior and extracellular environment. PM lipids and proteins are not
usually distributed evenly, they are rather clustered, thus forming a variety of membrane
multiscale sub-compartments (Mamode Cassim et al., 2019, Gronnier et al., 2018). Various
types of membrane proteins are often targeted into specific microdomains (Jarsch et al., 2014,
Tapken and Murphy, 2015), which might constitute structural basis for the
compartmentalization of PM-associated functions (Konrad and Ott, 2015). The mechanisms
ensuring membrane microdomain identity are not fully understood yet, however recent findings
show that local PM properties such as fluidity, viscosity, continuity, and protein-protein
interactions all affect PM organization (Bernardino de la Serna et al., 2016). PM microdomain
lateral mobility may be confined by steric constrains, i.e. by the interaction with cortical
cytoskeleton network forming “fences” or with “pickets”, transmembrane proteins of small
lateral mobility, originally reported in metazoan cells (Ritchie et al., 2003, Kusumi and Sako,
1996). This organization model may be also applicable for plant PM, where an effect of
cytoskeleton on protein dynamics and microdomain structure was reported (Szymanski et al.,
2015). In addition, another type of spatial hurdles can be represented by interactions of
microdomain proteins with extracellular molecules (Bernardino de la Serna et al., 2016), which
might be significant also for plant cells surrounded by complex CW (Martiniere et al., 2012,
Martiniere and Runions, 2013).

Flotillins and HIRs form subfamilies in a large membrane-localized SPFH
(Stomatin/Prohibitin/Flotillin/HfIK/C) protein superfamily (Rivera-Milla et al., 2006). Unlike
other members of this superfamily, AfFLOTs and AfHIRs probably lack transmembrane stretch
and are thus peripheral membrane proteins (Danék et al., 2016).

AFLOT] and AfFLOT?2 as well as Medicago truncatula FLOT2 (MiFLOT2) and MfFLOT4
were observed to form membrane microdomains (Jarsch et al., 2014, Li et al., 2012, Haney and
Long, 2010), which is reminiscent of their mammalian homologs (Stuermer et al., 2001,
Baumann et al., 2000). M/FLOT2 and M/FLOT4 were reported to be involved in nodulation
(Haney et al., 2011). The most studied AfFLOT1 plays a role in callose deposition under
bacterial elicitor treatment (Yu et al., 2017) and has been proposed to assist in the endocytosis
of ArPIP2;1 aquaporin, alternative oxidase 4/RbohD or brassinosteroid and flagellin receptors
AMBRIIL and AfFLS2 upon stress or treatment with their respective ligands (Wang et al., 2015,
Haoetal., 2014, Lietal., 2011, Lietal., 2012, Cui et al., 2018). AfFLOTSs seem to be redundant
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in function since no apparent phenotype was observed under various stress treatments
performed on single isoform loss-of-function mutants (Kroumanova et al., 2019).

HIRs are plant-specific members of the SPFH superfamily (Di et al., 2010). They were
reported to be predominantly localized at the PM in several species (Duan et al., 2013, Chen et
al., 2007, Choi et al., 2011, Ishikawa et al., 2015, Malakshah et al., 2007, Qi et al., 2011, Li et
al., 2019). In pepper, rice and Arabidopsis they were observed to interact with leucine-rich
repeat proteins involved in pathogen defence response (Zhou et al., 2009, Qi et al., 2011, Jung
and Hwang, 2007) and thus HIRs take part in plant immunity. A/HIRs form oligomers, all pair-
wise combinations of single 4fHIR isoforms were confirmed experimentally (Qi et al., 2011).
Direct interaction of AZFLOTI and A/FLOT3 (i.e.heterodi/oligomerization) in which the C-
terminal domain (not including the SPFH domain) was found to provide the physical interaction
of single isoforms was also reported (Yu et al.,, 2017). Similar effect was observed in
mammalian homologues of flotillins where heterooligomerization is important for endocytosis
provided by flotillin microdomains (Neumann-Giesen et al., 2004, Solis et al., 2007, Babuke
and Tikkanen, 2007). Recently, we have revealed several PM proteins constituting the
interactome of A/FLOT2 (Junkova et al., 2018). In addition, AfHIRs were found to be a part of
PM-associated complexes, which also contained phospholipase D3, cytoskeletal proteins, heat-
shock proteins, clathrin chain, transporters or kinases (Ho et al., 2009, Qi and Katagiri, 2009).

Within the PM, only some members of the FLOT family were shown to be present in rather
immobile microdomains (Jarsch et al 2014), however, the nature of this stability is unknown.
As summarized in Martiniere et al. (2012) and Martiniere and Runions (2013), plant PM-
associated proteins are usually less dynamic at the PM than in endomembranes, which could be
an effect of CW causing steric hindrance for PM-protein mobility.

In this work we have focused on the determination of the character of the distribution in PM
microdomains for all isoforms of A/fFLOTs and A7fHIRs. We show that PM-associated AfFLOTs
are significantly more immobile than plant-specific HIR proteins. Much lower immobile
fractions have been shown in tonoplast-localized isoform of AfHIR. Proteins from both
subfamilies were spatially restricted in their PM distribution by corrals co-aligning with MTs.
We further tested the effect of cytoskeleton depolymerisation, sterol depletion and cell wall
disruption on the dynamics of AfFLOT2 and A7HIR1 as the representative members of both
subfamilies. Out of all tested cues, only cell wall alteration increased the lateral mobility of
both isoforms within the PM. Our results thus suggest that PM microdomains of plant FLOT

and HIR proteins are structurally linked with the CW. This interconnection may be important
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for their appropriate functional positioning during cell communication and transduction of

extracellular signals.

SUBMITTED MANUSCRIPT

78

Page 6 of 53



Page 7 of 53

CON OV BN =

S uvuuuuuuuub b bbb BbSD SRR WWWWWWWWWWRERRNRNRORONNOMMOMNRBODRNORND =2 2 @2 9 999339039
CwooONOOULPE,WN=0DVONOCUDDWN=2O0OOVONOOCULA WN=2QCUOVUONOGOCTUER,WN=2O0OOVONOUVDWN=O

The Plant Journal

RESULTS

AfFLOTs and AfHIRs are localized in PM microdomains and/or at the tonoplast of
epidermal cells

For the purpose of comparison of the distribution of individual members of AfFLOT and
AfHIR protein families, 4. thaliana lines carrying 35S-driven AfFLOT1-GFP, AfFLOT2-GFP,
AFFLOT3-GFP, AHIR1-YFP, AHIR2-YFP, AfHIR3-YFP and AfHIR4-YFP were studied in
vivo. The using of overexpression lines was chosen because of the reported very low to no
fluorescence of GFP-tagged AtFLOT! when expressed from its native promoter (Li et al.,
2012). All the lines used in our study did not display any growth phenotypes when they were
observed (Figure S1). SD confocal microscopy performed in root elongation zone epidermal
cells showed that all the AfFLOT-GFP and ArHIR-YFP proteins were present in discrete PM
microdomains (Figure la-f), except for AfHIR3-YFP, which was exclusively localized at the
tonoplast in a form of slightly more diffuse pattern (Figure S2d, e). With the exception of
AFLOT2-GFP and AfFLOT3-GFP, all studied proteins were, in addition to PM microdomains,
present also at the tonoplast in root epidermal cells (Figure S2). The detailed view of the
individual microdomains (Figure 11-q) revealed that they differ in size and shape as well as in
pattern, e.g. interconnected microdomains for AfHIR1-YFP (Figure 10) contrasting with rather
isolated microdomains defined by AfFLOTI1-GFP (Figure 11). The average number of PM
microdomains in root epidermal cells ranged between 60 and 90 per 25 um?, with AtHIR1-GFP
showing the densest pattern (Figure 1, left panel). The dense pattern of AZHIR1 microdomains
was also shown in three independent Arabidopsis lines transformed with AfHIR1-GFP (Figure
Ir, right panel). To further investigate size difference of microdomains defined by different
isoforms we used Airyscan imaging approach which increases the xyz resolution and thus
enables more precise assessment of dimensions of smallest objects. The microdomain diameter
was estimated as full width at half maximum (FWHM). We observed differential FWHM
revealing the largest domains for AfFLOT2-GFP while the smallest ones were found to be
formed by AfHIR2-YFP (Figure 1s, Figure S3).

PM-associated distribution was observed also in the above ground tissues (with the
exception of AtHIR2-YFP fluorescence of which was not detectable in these tissues), i.e. in the
epidermal lobed cells of the first true leaves (Figure 1g-k), as well as in the epidermis of
hypocotyls and cotyledon lobed cells (Figure S4). Here again, AfHIR3-YFP was the only

studied protein with predominant tonoplast localization (Figure S4e, k). Altogether, these data
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show that members of both 4/FLOT and AfHIR subfamilies are localized in PM-associated

microdomains, but some isoforms are also present at the tonoplast.

AfFLOTs and ArHIRs exhibit differential mobility within PM and tonoplast

To characterize the spatiotemporal properties of microdomains containing individual FLOT
and HIR proteins, we have applied two independent approaches. Firstly, 120 s time-lapse
kymograms (Figure 2a-f,) revealed high temporal stability of AfFLOTI1-GFP, A(FLOT2-GFP
and AfFLOT3-GFP (Figure 2a-c) microdomains in contrast to more dynamic AfHIRI-YFP,
AMIR2-YFP and ArHIR4-YFP (Figure 2d-f). This difference between AfFLOTs and AfHIRs is
confirmed by different values of Pearson’s correlation coefficients (PCC, Figure S5) calculated
for the fluorescence intensity profiles of the first time point (time = 0 s) and the last time point
(time = 120 s) of the kymogram (Figure 2g). Secondly, membrane dynamics of single protein
isoforms were studied with 80 s FRAP upon their bleaching with laser. Kinetics of FRAP in the
rectangular regions of interest applied to the middle of transversal PMs (Figure S6) of
elongating root epidermal cells confirmed very low lateral mobility for PM-associated
AfFLOTs and AfHIRs. The pool of PM-associated immobile fractions was very high reaching
more than 90% for A/FLOTs and around 80% for AfHIRs (Figure 2h). Importantly, PM-
associated AfFLOTs had significantly higher immobile fraction in comparison with AfHIRs
(Figure 2h). The kinetics of FRAP mobile fraction corresponds to fast, probably diffusion-
based, recovery for all studied proteins (Figure 21, Figure S6). This fast pool of proteins may
be in fact the proteins not associated with the PM microdomains but with the areas of PM devoid
of microdomains. Therefore we determined coefficient of variation (CV) of fluorescence
intensity in linear profile which can be used to assess the fluorescence segregation level (Retzer
et al., 2017), i.e. the degree of aggregation of fluorescence in microdomains. Indeed, CV for
AFLOTs is considerably higher than that for AfHIRs although the differences among members
of each subfamily were also found (Figure S7) indicating lower level of microdomain
association of 4fHIRs when compared with A/FLOTs. Tonoplast-associated ArHIR3-YFP
showed much lower immobile fraction (Figure 2h) with almost 70% recovery during tested
period (Figure 2i). Together, analysis of kymograms and FRAP independently demonstrated
that PM-associated pool of AtFLOT or AfHIR population is quite stable, although AfHIRs are
significantly more mobile. Much higher mobility of tonoplast-localized AfHIR3-YFP points to
the specific interactions taking place at the PM that are responsible for quite low lateral mobility

of AfFLOTs and A/HIRs.
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PM-associated AfFLOTs and ArHIRs are restricted by corrals co-aligning with MTs
PM-associated microdomains of all AZFFLOTs and AfHIRs in root epidermal cells were, to
various extent, restricted in their distribution by linear corrals lacking the fluorescence signal
(Figure 3a-f, arrows). The orientation of these corrals was preferentially perpendicular to the
axis of the cell, but there were also numerous longitudinal corrals in elongating cells. In mature
elongated cells of root epidermis, domains with AfFFLOTs were often found to be organized
along corrals, forming immobile filamentous clusters of PM-associated domains (Figure 3b, c;
Movie S1). Time-lapse imaging also uncovered interesting dynamics of domains with AfFLOT
proteins, which was not so apparent from kymograms or FRAP results in root elongation zone.
Although the majority of domains with AfFLOTs were rather static during 10 minutes of
imaging, there were less frequent movements of individual domains. Slightly more frequent
were “hopping”-type of movements, oriented perpendicularly to the axis of corrals and longer
axis of individual domains. As documented in Movie S2 for A/FLOT2-GFP, hopping
movement was a transient event with speed around 0.2 pm.s*'. Longer time-lapse imaging
allowed to reveal even slower movement of domains in the direction of corrals, perpendicularly
to the axis of cells. These movements were much slower, reaching around 0.2 um.min’! for
AFLOT2-GFP (Movie S3). PM-associated corrals were even more pronounced in epidermal
cells of first true leaf (Figure 1g-k), cotyledons (Figure S4a-f) and hypocotyls (Figure S4g-1).
The corrals were always better visible in slightly denser pattern of ArHIRs. Therefore, AfHIR1-
YFP seedlings were transiently co-transformed with MTs-binding domain fused to mRFP
(MBD-mRFP, a marker of MTs) and showed co-alignment of corrals with MTs in cotyledon
epidermal lobed cells (Figure 3g). Further, we tested another MT-associated protein, A7IQD6
(Burstenbinder et al., 2017a, Abel et al., 2013) to check whether MT are also present in corral
within the pattern of A/FLOT2-GFP microdomains. To that purpose we agro-infiltrated tobacco
leaves with 4/IQD6-mCherry and A/FLOT2-GFP. Interestingly, we observed similar pattern as
with AfHIR1 and MBD. AfdQD6-mCherry-labelled MTs often filled linear areas lacking
AFLOT2-GFP microdomains (Figure 3h). As shown on xz and yz ortogonal projections of z-
stacks acquired with Airyscan confocal laser scanning microscopy (CLSM), corrals separating
individual microdomains were apparent along whole z stack profile containing PM-associated
signal for A(FLOT2-GFP (Figure 31) and AtHIR1-YFP (Figure 3j). Airyscan detection allowed
to roughly determine the thickness of domain along z axis, which ranged between 600-900 nm
for both proteins. Since MTs were previously reported to limit lateral mobility of 4/HIR1 (Lv
et al,, 2017b), we applied pharmacological approach to disrupt cytoskeleton dynamics in

AfFLOT2-GFP, AfFLOT3-GFP and ArHIR1-YFP seedlings. Surprisingly, there were no
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changes observed in the PM-associated pattern as well as in the presence of corrals after 2 h
treatments with microtubule drug oryzalin (Ory) (Figure S8a-c), or latrunculin B (LatB)
preventing polymerization of actin filaments (Figure S8d-f). Disruption of actin and MT
cytoskeleton was verified by the same treatment of FABD-GFP/mCherry-TUAS double-
labelled line expressing markers for both MT and F-actin where depolymerisation was apparent
under our experimental conditions (Figure S8g).

Our observations indicate that despite the exclusion of AfFLOT and AfHIR microdomains
from corrals delimited with MTs, PM-associated microdomain structural identity is not directly

dependent on cytoskeleton.

Dynamics of PM-associated A7ZFLOT2 and ArHIR1 microdomains is increased after cell
wall disruption

Since the application of cytoskeletal drugs did not change AfFLOT or AfHIR localization
pattern, possible role of CW was tested by pharmacological approach and in cells with
enzymatically removed CW. 2 h treatment with 20 uM isoxaben (ISX), a cellulose synthesis
inhibitor, did not generally change the microdomain organization of all tested proteins (Figure
4a-f). Moreover, there was only a very mild increase in their PM lateral dynamics in comparison
with mock treatments (0.1% DMSO), as apparent from kymograms (Figure 4g-1, Figure S9).

Interestingly, ISX treatment increased microdomain association (indicated as CV of
fluorescence intensities) of AfFLOT2-GFP whereas there was no difference determined for
AMIR1-YFP (Figure 4m). Determination of the FRAP immobile fraction for A/FLOT2-GFP
and AHIR1-YFP (Figure 4n) showed that ISX treatment significantly decreased the immobile
fraction (i.e. increased mobility) in AfHIR1-YFP. We introduced 4¢Lti6b-GFP line as a positive
control line for ISX treatment and we observed previously documented decrease of mobility of
this protein by ISX (Martiniere et al., 2012). In addition to cellulose synthesis inhibition, we
tested the effect of pectin methylesterase inhibitor epigallocatechin gallate (EGCG) affecting
the CW structure by the alteration in pectin status (Lewis et al., 2008). We observed slight
increase of immobile fraction in AfFFLOT2-GFP (Figure 40), however, no apparent changes
were to be seen in localization pattern (Figure S10a, b) or kymograms and PCC (Figure S10c-
e). Similarly to ISX treatment, EGCG caused increase of CV, i.e. more pronounced association
of AtFLOT2-GFP with microdomains (Figure S10f).

Although the application of 20 uM ISX for 1 h triggers fast changes in cellulose biosynthesis,
the identity of microdomains might be still preserved by existing CW structure. Therefore, we

first tested the effect of PM detachment from the CW by performing plasmolysis. This treatment
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induced prominent change of localization of both proteins tested but they were of different
nature. While AfFLOT2-GFP mostly remained at PM where it formed less dense but more
aggregated clusters (Figure 5a, b, ¢) only a small fraction of AfHIRI-YFP signal was still
present at the PM (Figure 5c¢, d) the most of the protein was rather translocated into cell interior
where it accumulated in endomembrane compartments (Figure 5f). Surprisingly, immobile
fraction of both A/FLOT2-GFP and AfHIR1-YFP in plasmolysed PM was even higher than that
of control treated seedlings (Figure 5g).

Then we further followed the dynamics of microdomains after enzymatic removal of CW.
First we performed partial CW digestion in roots (Feraru et al., 2011) of AfFLOT2-GFP and
AMIR1-YFP lines. We used lower mannitol concentration (0.2 M) in the enzyme solution to
avoid excessive osmotic challenging of cells. We observed distinct PM areas under the
combination of mild plasmolysis and CW digestion (Figure 5h): PM partially detached from
CW (DPM), PM that was partially released from the CW-delimited space (RPM) as well as PM
still anchored to CW (APM). We determined immobile fractions of both proteins in these PM
areas. In both proteins, even 0.2 M mannitol still induced slight increase of immobility (Figure
51, ), however AtFLOT2-GFP immobile fraction gradually decreased from APM to DPM and
RPM (Figure 51). The effect was even more pronounced for A7HIR1-YFP where enzymatic CW
digestion decreased immobile fraction not only in DPM and RPM but also in APM (Figure 5j).
As the effect of partial CW digestion was low in AfFFLOT2-GFP we further investigated the
impact of CW removal in protoplasts prepared from leaves of AfFLOT2-GFP line. After the
isolation, protoplasts were immediately imaged with SD confocal microscopy. The mobility of
individual microdomains shown at kymograms was substantially higher in protoplasts where
fluctuation is apparent (Figure 6b) than in leaf cells (Figure 6a) during 120 s observation period
(Movie S4). This is also demonstrated on merge of images acquired at time 0 and 120 s and on
corresponding co-localization scatter-plots (Figure 6c, d).

Interestingly, PM corrals restricting the microdomains with AfFFLOT2-GFP remained to be
visible in released protoplasts (arrows in Figure 6¢), which suggest that CW is not necessary
for their constitution. Further analysis of the mobility of AfFLOT2-GFP showed that CW
removal induced not only higher lateral microdomain dynamics, but also more frequent
appearance and disappearance of single microdomains within the single SD confocal plane of
the PM (Movie S5), suggesting faster dynamics in z axis. Therefore, trajectories of individual
microdomains were tracked during 120 s (Figure 6f, g). This analysis showed that AfFLOT2-
GFP microdomains in intact epidermal cells were less mobile and remained for a longer period

in the observed focal plane. This is demonstrated as longer track duration (pseudo colour
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coded), i.e. longer continuous period when a given microdomain (mobile or stable) was
detectable in the focal plane (Figure 6f). In contrast, microdomains in protoplasts remained for
a shorter period within the focal plane (shown in pseudocolors as short track duration) but even
in this shorter timespan they were of longer trajectories (Figure 6g).

Altogether these findings suggest that CW represent important structural component
necessary for the stabilization of PM-associated HIR and FLOT-containing microdomains in

plant cells.
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DISCUSSION

PM proteins often exhibit aggregated distribution, i.e. they are localized in PM-associated
microdomains. This has been described for many plant PM proteins with various cellular
functions, such as water transporters, ion channels, auxin carriers, remorins, alternative oxidase,
various receptor kinases and phospholipases (Martiniere and Runions, 2013, Angelini et al.,
2018, Tapken and Murphy, 2015, Jarsch et al., 2014, Konrad and Ott, 2015, Hao et al., 2014,
Li et al., 2012). In this work, we demonstrate that microdomain localization is also shared
among isoforms of AfFLOTs and AfHIRs. They display low lateral PM dynamics and high level
of immobile fractions as revealed by FRAP experiments. However, our detailed study revealed
significant differences in the mobility of AfFLOTs and plant-specific AfHIRs associated with
the PM, with A7HIRs being significantly more dynamic. Since all AfHIRs and none of AfFFLOTs
have been recently experimentally found to be palmitoylated (Hemsley et al., 2013) or
myristoylated (Majeran et al., 2018), the observed difference may be attributed to a different
PM association characteristics for A(FLOTs and A/HIRs. Myristoylation, an irreversible
modification, was reported to be important for plant endomembrane localization whereas
additional, potentially reversible, palmitoylation determines PM localization of thioredoxins
(Traverso et al., 2013). It is thus possible that AfHIR may be differentially fatty-acylated when
located at the PM. In contrast to metazoan flotillins, no myristoylation or palmitoylation motif
was predicted for At#FLOT sequences (Dangk et al., 2016) suggesting other way of interaction
with PM. Using a BH search tool (Brzeska et al., 2010) we noticed a presence of a putative
membrane binding site in N-termini of several plant FLOTs which was present also in all three
AfFLOTs but was not detected in AfHIRs (Figure S11a). Similar motifs have been reported to
bind acidic phospholipids and thus mediate the association with PM or other membranes
(Barbosa etal., 2016). Moreover, a short conserved sequence enriched in basic and hydrophobic
amino acids corresponding with the putative membrane binding sites was detected in all plant
FLOTs tested but not in AfHIRs (Figure S11b).

Importantly, a previous study showed that the mobility of AZFLOT1 fluorescence foci was
higher than those of A/HIR1 (Lv et al., 2017b), contrasting with our results. However, this
difference might be attributed to the position of fluorescence tag. All isoforms used in our study
were tagged at their C-terminus, i.e. both AfFLOTs (this study) or AfHIRs (Qi et al., 2011),
whereas in (Li et al., 2012) and (Lv et al., 2017b), authors used A/FLOT]1 tagged at N-terminus
and AfHIR1 tagged at C-terminus. Since N-terminal SPFH domain is bona fide responsible for

the localization and interaction with PM as reported for metazoan flotillins (Morrow et al.,
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2002, Langhorst et al., 2008, Neumann-Giesen et al., 2004) we assume that N-terminal tagging
may affect the protein-membrane interactions and this inconsistency might thus result in
different properties of AfFLOT1 observed in our study and mentioned previous studies. The
difference in lateral mobility of N- vs C-tagged A7PIP1;2 and A/PIP2;1 aquaporins was reported
(Luu et al., 2012).

In this study, we provide direct live imaging microscopy evidence that members of
FLOT/HIR protein family are localized besides PM also at the tonoplast in epidermal cells of
various organs. Numerous proteome-based studies with manual and automatic predictions
reported tonoplast and PM signatures for both FLOT and HIR homologs from several plant
species as indicated e.g. in SUBA3 localisation database (Tanz et al., 2013). Tonoplast
localization is shown in our study to be more frequent for AfHIR proteins, with AfHIR3-YFP
being present only at the tonoplast. Accordingly, AfHIR1/2/4 were reported to be enriched in
PM fraction in contrast to AfHIR3 that was found more abundant in the endomembrane fractions
(Majeran et al., 2018).

We have been interested in the definition of factors affecting high stability of AfFLOT and
AHIR microdomains at the PM and their spatial distribution. Distinct linear corrals, void of
fluorescence and co-aligning with MTs, were observed in the microdomain localization pattern
for all AFFLOTs and AfHIRs except AfHIR3. PM-associated corrals were reported previously
for the distribution of forminl (Martiniere et al., 2011) and they are also obvious on images of
AfFLOT1 and AfFLOT2 in Jarsch et al. (2014), although not explicitly termed as “corrals”.
According to associomics.org protein interaction database (Jones et al., 2014), all three A/fFLOT
isoforms interact with A7IQD6, a putative calmodulin-binding protein binding MTs
(Burstenbinder et al., 2017b), which we demonstrated to colocalize with corrals within
AtFLOT2-GFP microdomain pattern. PM-MT corrals might then restrict mobility of PM-
associated proteins, as shown for AZHIR1 microdomains being confined in their mobility by
cortical MTs (Lv et al., 2017b).

We have further focused on the understanding the significance of intact cytoskeleton for the
PM-associated stable microdomain structural identity and showed that neither MTs, nor actin
filament disruption had an effect on the PM-association and patterning of microdomains with
AfFLOTs and AfHIRs. Our results are thus partially in line with the ones obtained for a remorin
where the microdomain identity was conserved under MT. On the other hand, the lack of effect
of actin depolymerization found in our work is in contrast with the important impact on remorin,
clustering of which was abolished or enhanced under actin filament depolymerization or

hyperstabilization respectively (Szymanski et al., 2015). Single particle mobility of A/PIP2;1
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aquaporin was enhanced under actin depolymerization while no effect was observed for MT
disruption (Hosy et al., 2014). This suggest that specific proteins might be differentially affected
by interaction with either microtubules or actin filaments which is consistent with the opposite
eftects observed previously for AtFLOT1, where both Ory and LatB treatments lowered the
mobility of individual AfFLOT1 puncta (Li et al., 2012) while dynamics of AfHIR1 was
increased by Ory and LatB (Lv et al., 2017b). Influence of cytoskeleton components thus seems
to be specific for a given protein which was also documented for M. truncatula remorin where
actin depolymerisation decreased the number of microdomains while microtubule disruption
had not any effect (Liang et al., 2018).

An opposite effect of sterol depletion was reported for AfFLOTI and AfHIR 1 puncta where
either a decrease or an increase of diffusion coefficient was observed under the treatment with
sterol depletion agent methyl-B-cyclodextrin (Li et al., 2012, Lv et al., 2017b). Interestingly,
we have not observed any effect of such a treatment on localization pattern or microdomain
mobility shown at kymograms for any of the tested isoforms (Figure S12a-x)). Moreover,
immobile fractions of 4/FLOT2-GDP and AtHIR1-YFP were not affected by sterol depletion
(Figure S12y). However, different methods of mobility determination were carried out in the
cited publications and in our work which could be the reason for different results obtained.

Low lateral mobility and high immobile fraction of AfFLOTs is in sharp contrast to very
high mobility of human flotillin2 (Langhorst et al., 2007) and the same difference could be
found among metazoan aquaporins and their plant homologs (Martiniere and Runions, 2013).
This was already shown for tonoplast-localized isoform of aquaporin, which exhibited higher
mobility than the one residing at the PM (Luu et al., 2012) and there was also a large difference
in single particle mobility between tonoplast and PM localized isoforms of aquaporins with
much higher values reached by tonoplast isoform (Hosy et al., 2014). Even the same membrane
protein mobility can differ depending on its localization, which was demonstrated for a PM
intrinsic protein retained at the ER membrane, that was able to recover with substantially higher
rate than the form properly localized at the PM (Sorieul et al., 2011). Finally AfHIR1 mobility
has been recently shown to be higher at the tonoplast than at the PM (Lv et al., 2017a).

Exceptionally high immobility measured by FRAP of 4/FLOTs is apparent when compared
with the values obtained by the same method for other PM microdomain proteins such as
remorins exhibiting mobile fractions > 23 % (McKenna et al., 2014) or even > 60 % (Jarsch et
al., 2014). Phototropinl localized in PM microdomains recovered by about 50% within 120 s
(Xue et al., 2018). Very low recovery rate presented here for inner leaflet peripheral AfFLOTs

and ArHIRs thus do not seem to be a general feature of plant PM microdomain proteins. They
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are rather comparable with mobile fractions of 10-20% measured for proteins such as AfFLS2,
AfFHI, AfPIN2 or APIP2;1 (McKenna et al., 2014), i.e. transmembrane proteins or even
proteins with extracellular domain.

Differential mobility of homologs localized at the tonoplast or PM points to the specific
interaction at the PM, which could potentially be relevant also for PM-CW continuum (Liu et
al., 2015). In this work, we tested fast response to high concentration of ISX, an inhibitor of
cellulose synthesis through AfCESA3 and AfCESA®6 (Scheible et al., 2001, Desprez et al., 2002)
known for the disruption of cell wall structure. ISX had only small effects on lateral dynamics
of AfFLOT2-GFP and increased significantly only 4ArHIR1-YFP mobility. On the contrary,
EGCG treatment interfering with pectin status decreased only the mobility of AfFFLOT2-GFP.
It thus seems that different PM proteins might be linked to specific CW components. Cellulose
synthesis inhibition or pectin methylation alteration was demonstrated to promote the mobility
of AtPIN2, AfPIN3 and A/fFLS2 whereas there was no effect or even decrease in diffusion rate
of AfLti6b (Martiniere et al., 2012, McKenna et al., 2019, Feraru et al., 201 1).

Despite the reports that PM protein mobility is increased under plasmolysis (Feraru et al.,
2011, Martiniere et al., 2012, Hosy et al., 2014) we observed rather an opposite effect.
Plasmolysis induce dramatic changes in several cellular processes including reduced movement
of endoplasmic reticulum structures (Cheng et al., 2017) or decreased actin dynamics (Tolmie
et al.,, 2017) and polymerization (Yu et al., 2018). It is thus possible that reported increase in
mobility may not be a direct effect of PM detachment but rather a result of complex changes
induced by plasmolysis in a cell which probably involve also cytoskeleton dynamics alteration
that were in many cases also documented to affect PM protein mobility (see the Discussion
above). In our work, mild osmotic treatment combined with enzymatic CW degradation resulted
in an increase in AfFLOT2-GFP and ArHIR1-YFP mobility. Similar increase after protoplast
release was observed for GFP fused with glycophosphatidylinositol (GPI) (Martiniere et al.,
2012). However, GPI always faces the extracellular side of PM, i.e. it can directly interact with
the cell wall. This cannot be the case of any AfFLOTs or AfHIRs since they are supposed to be
peripheral membrane proteins facing the cytoplasmic side of the PM.

Protein-protein interaction can confine a single protein mobility, which was reported for
human flotillins where decreased recovery was observed when two flotillin isoforms were co-
expressed when compared with single isoform expression (Affentranger et al., 2011). In
Arabidopsis, direct interaction of 4/FLOT1 and A/FLOT3 was found (Yu et al., 2017) and
heterooligomerization of single isoforms of AfHIRs can be realized (Qi et al., 2011). This could

lower the potential of AfHIR3 protein-protein interaction when compared with other isoforms.
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Such differences might be responsible for distinct AfHIR3-YFP traits observed in this work. In
remorins, trimerization is an indispensable prerequisite for PM microdomain formation
(Konrad et al., 2014, Martinez et al., 2018). Similarly, metazoan flotillins needs to hetero-
oligomerize to form PM microdomains (Solis et al., 2007). Our lines expressed only a single
isoform, however there is still a possibility of interaction of expressed tagged proteins with
endogenous protein partners.

The interaction of AfFLOTSs (or possibly also AfHIRs) with the CW constituents is probably
indirect, i.e. via other proteins, supposedly with the ones containing extracellular domains. In
our previous study, we found several transmembrane proteins, such as receptor-like kinases,
aquaporins, ATPases or other transporters in the interactome of A/FLOT2 (Junkova et al.,
2018). AtFLOT2 and AfFLOT3 also interact with AfTBL36 (associomics.org), a homolog of
transmembrane trichome birefringence protein which is necessary for proper cellulose
composition of the CW (Bischoff et al., 2010). Furthermore, MfFLOT4 was found to co-localize
with MfLYK3, a lysine motif receptor-like kinase (Haney et al., 2011). This is mediated by a
remorin which forms microdomain upon interaction with pre-existing MiFLOT4 microdomains
(Liang et al., 2018). Possibility of the interaction of AfFLOTs and ArHIRs with lysine motif
receptor kinases recognizing chitin was discussed also in A. thaliana (Faulkner, 2013). AfHIR1
and AfHIR2 directly interact with AfRPS2, a PM-associated resistance protein (Qi et al., 2011)
and were found as parts of AtfRPS2-formed protein complex containing transmembrane proteins
such as aquaporins, receptor-like kinases or metal transporters (Qi and Katagiri, 2009). These
transmembrane proteins can also serve as “pickets” (Ritchie et al., 2003) limiting the lateral
movement of AfFFLOT or AfHIR microdomains and on the other hand, FLOT and HIR-defined
microdomains may take part in proper functioning of these proteins.

Besides direct protein-protein interaction, an interconnection between both PM leaflets via
long acyl chains of locally enriched specific lipids was reported in metazoan cells. Together
with proteins interacting on both sides of the membrane or with cytoskeleton in the cell interior
they form clusters of reduced mobility (Raghupathy et al., 2015). This so called interdigitation
was proposed also in plants with reported involvement of sphingolipids (Cacas et al., 2016). It
is thus tempting to speculate of such a process induced by similar protein local enrichment or
immobilization caused by interacting with the CW which could enhance the formation of this

extra-to-intracellular linkage leading to changes in A/FLOT or AfHIR dynamics.
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EXPERIMENTAL PROCEDURES

Chemicals
Unless stated otherwise, all chemicals were supplied by Sigma Aldrich (St Louis, MO,
USA).

Plant material and cloning

Col-0 A. thaliana lines carrying 35S::ArHIR1:YFP, 35S::ArHIR2:YFP, 35S::4rHIR3:YFP,
358::4rHIR4:YFP were described previously (Qi et al., 2011). AfPTP2;1-GFP (Boursiac et al.,
2005), AtVAMPT711-GFP (Geldner et al., 2009), ArLti6b-GFP (Grebe et al., 2003) and
FABD:GFP/mCherry:TUAS (Sampathkumar et al., 2011) lines were obtained from Doan-
Trung Luu, Markus Grebe, Niko Geldner and Staffan Persson respectively. A/FLOTI
(At5g25250), AFLOT2 (At5g25260), AfFLOT3 (At5g64870), AHIR1 (Atlg69840) and
AfQD6 (At2g26180) coding sequences were amplified from A. thaliana cDNA prepared as
described elsewhere (Krckova et al., 2018) using PCR with specific primers (4/FLOT1 FP:
CGCGGATCCATGTTCA AAGTTGCAAGAGCG; AfFLOT1 RP:
CGGAATTCGCTGCGAGTCACTTGC; AFLOT2 FP:
TTAGGATCCATGTTCAAGGTTGCAAGAG; AFLOT2 RP: TTAGAATTCCTTGC
TTAGAGTACCGATCC; AFLOT3 FP: TTAGGATCCATGAGTTACAGAGTCGC
TAAAGCA; AFLOT3 RP: TTAGAATTCACCTCTGTGTTGTTGAGCATG; ArHIR1
FP: TTAGGATCCATGGGTCAAGCTTTGGGTTG; AHIR1 RP: TTAGAATTCCTCAGCA
GCAGAGTTACCCTG; 4AQD6 FP: GCGGGATCCATGGGTGCTTCAGGGAAATG and
AfQD6 RP: CCGAATTCACCTCTCGGCTTCTCGAATC). Obtained amplicons were
digested using EcoRI and BamHI (both Thermo Fisher Scientific, Waltham, MA, USA) and in
frame directly introduced in between corresponding restriction sites of modified pGreen0029
plasmid (Hellens et al., 2000) containing CaMV 35S promoter and C-terminal mCherry
(A4QD6) or eGFP sequence (the rest of amplicons). Stable transformants were obtained by
floral dip method (Clough and Bent, 1998) and selected on half-strength MS medium (Duchefa,

Haarlem, The Netherlands) with 1% sucrose, 1% plant tissue culture agar and kanamycin (50
pg-mlT).
Growth conditions and transient transformation

Seeds were surface-sterilised with diluted commercial bleach for 10 minutes and sown on

plates with half strength MS (Duchefa, Haarlem, The Netherlands) medium solidified with 1%
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agar and supplemented with 1% sucrose. Seedlings were grown in vertical position in 16/8 h
light (100 pmol m2-s 1/dark cycle. 6-day-old or 10-day-old plants were used for the analysis
of roots, cotyledons and hypocotyls and first true leaves, respectively.

Seedling expressing AfHIR1-YFP were transformed with FAST/AGROBEST method using
Agrobacterium tumefaciens strain C58C1 carrying MBD-mRFP gene construct (Angelini et al.,
2018) according to (Li et al., 2009). Briefly, 4-day-old seedlings were co-cultivated with
Agrobacterium suspensions of ODgy = 0.1, 0.06, and 0.04 in quarter strength liquid MS
medium supplemented with 100 pM acetosyringon for 48 hours in darkness and subsequently
rinsed twice with quarter strength MS medium supplemented with cefotaxime (600 pg-ml-! for
10 min and 200 pg-ml! for 1-2 hours). Transformed seedlings were observed after 24-96 h.

Nicotiana benthamiana leaves (3-4 week old) were transformed (Batoko et al., 2000) by
infiltration of suspension (ODgg = 0.1 for each construct) of 4. tumefaciens strain C58C1
carrying AfFLOT2-GFP/pGreen0029 or A/IQD6-mCherry/pGreen0029 vector. Epidermal leaf

cells were observed 36 — 48 h after the transformation

Pharmacological treatments and cell wall digestion

Stock solutions of LatB (2.53 mM), Ory (57.7 mM), ISX (20 mM) and EGCG (50 mM;
Santa Cruz Biotechnology, TX, USA) in DMSO were added to 1 ml aliquots of half strength
MS medium with 1% sucrose in a multi-well plastic plate to reach final concentrations 1 uM
LatB, 20 uM Ory, 20 uM ISX and 50 uM EGCG. mBCD was dissolved directly in half strength
MS medium with 1% sucrose to obtain 10 mM waorking solution. Seedlings were transferred
from agar plates into the multi-well plate and incubated for desired time. Appropriate amount
of DMSO was added to controls.

Partial cell wall digestion by macerozyme R10 and cellulose Onozuka R10 (both Yakult
Pharmaceutical, Tokyo, Japan) was performed as described in Feraru et al., 2011 with this
modification: 0.2 M mannitol was used instead of 0.4 M mentioned in the cited paper. The
treatment was performed by mounting the seedling in the enzyme solution on slides. The slides
were then incubated for 30 min at room temperature in 100 % air humidity to prevent drying of
the samples.

Protoplasts from Arabidopsis leaves were prepared according to (Wu et al., 2009) from 5-
week-old plants. Briefly, the peeled leaves were incubated in enzyme solution (1% cellulase
Onozuka R10, 0.25% macerozyme R10 (both Yakult Pharmaceutical, Tokyo, Japan), 0.1%
BSA, 0.4 M mannitol, 10 mM CaCl,, 20 mM KCIl, 20 mM 2-morpholinoethanesulfonic acid
(MES), pH 5.7 for 1 hour under gentle shaking (40 rpm). Protoplasts were centrifuged at 100 g
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for 3 min. The pellet was twice resuspended and subsequently centrifuged in 25 ml modified
W35 solution (154 mM NaCl, 125 mM CaCl,, 5 mM glucose, 5 mM KCI, 2 mM MES, pH 5.7)

to rinse.

Confocal microscopy

For confocal imaging of non-treated plants and time-lapse imaging, rectangular piece of agar
medium with seedling was placed into Lab-Tek chambered Borosilicate cover glass (Nunc,
Rochester, NY, USA). Drug-treated seedlings were imaged after their transfer from the liquid
medium into the drop of medium in the chamber and covered with coverslip.

SD confocal microscopy was performed using a Nikon Eclipse Ti inverted microscope
(Nikon, Tokyo, Japan) equipped with a spinning disk unit CSU-X1 (Yokogawa, Tokyo, Japan)
and oil plan apochromatic objective 100x (NA 1.45). Fluorescence signals were excited with
diode lasers (488 nm or 561 nm; Agilent, Santa Clara, CA, USA). For majority of imaging, the
fluorescence emission was recorded with an Andor Zyla sCMOS camera with 2560x2160 pixel
resolution (Andor Technology, Belfast, Northern Ireland, UK) using Semrock Brightline
single-pass filters (Semrock, Rochester, NY, USA) for GFP/YFP (488 nm/525-030 or RFP (561
nm/607-036).

CLSM was performed with Zeiss LSM 880 confocal setup on Axio Observer Z1 inverted
microscope (Carl Zeiss, Jena, Germany), using 63x oil immersion objective (NA=1.40) for
FRAP experiments and 100x oil immersion objective (NA=1.46) for imaging using Airyscan
detector. GFP fluorescence was excited with Argon laser (488 nm) and detected using GaAsP
detector between 505 and 550 nm. For super-resolution imaging in xyz, the array of 32 GaAsP
detectors was used for detection of signal and images processed with SR processing function
using Zen Black software (Carl Zeiss, Jena, Germany), reaching near diffraction spatial

resolution (170 nm).

FRAP analysis

FRAP analysis was performed according to (Lankova et al., 2016) with modifications.
Region of interest (ROI) for bleaching and FRAP was interactively applied at the transversal
PMs, non-bleached control ROI at lateral PM and background ROI outside of the root (see
Figure S6). Bleaching with maximal laser intensity was followed by tracking fluorescence
recovery for 60 s. Data recorded using Zeiss Zen Black software were processed in Microsoft

Excel. Since the photobleaching during the FRAP period was negligible, it was not necessary
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to correct data for this effect. Fluorescence intensity data were normalized using following
equation:

Ly = (I = Lin)/ (Imas = Lmin)s
where [, is the normalized intensity, /; is the intensity in specific time, /,,;, is the intensity after
the photobleach and 7, is the intensity before bleaching. Sets of normalized values were
transferred to Sigma Plot 12.5 software (Systat Software, San Jose, CA, USA) and fitted with

single exponential fit with two parameters, according to following equation:
y=a(1l—exp(—bx),

where y is normalized intensity, a represents mobile fraction and b reflects the recovery

speed, from which recovery halftimes were calculated using t,, = -In - (0.5)/b equation.

Image processing and analysis

Determination of microdomain density from SD images was performed in the square ROI
(5x5 pm) applied interactively at the maximum intensity projections from z-stacks (step size
200 nm) covering cell surface of elongated root epidermal cells. Number of microdomains
within the sampling squares were determined using Find Maxima tool in ImageJ/Fiji software
(Schindelin et al., 2012). Six or seven plants of each line were sampled and four to seven
sampling squares per image were analysed (at least 30 overall sampling squares for each line).
Kruskal-Wallis test followed with multiple comparison Dunn test were performed to assess
differences between individual lines.

Microdomain size was assessed from images obtained by using Airyscan as a diameter
estimated as FWHM determined from Gaussian function fitted on the fluorescence intensity
profile linearly transecting an individual microdomain fluorescent spot and its adjacent
background. In case of asymmetric microdomains (e.g. elongated in one direction), the shorter
diameter was concerned. FWHM determination was performed in ImageJ using a macro
developed by Soon Yew John Lim, Skin Research Institute of Singapore, A*STAR.

Kymograms were constructed from time-lapse acquisitions (1 fps) with intensities equalized
in time in NIS Elements software (Laboratory Imaging, Prague, Czech Republic). PCC of the
fluorescence intensity profiles in the first (t = 0 s) and last (t = 60 s or 120 s) time points of a

given kymogram was calculated in Microsoft Excel according to the equation:
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Z?: 0(xi — Xmean)* (Vi — Ymean)

PCC = = -
\/ZE - U(xi - xmean)z‘JZi - O(Yi - Ymean)z

where x; and y; are the measured intensities in the first and last time point for a given pixel and
Xpean aNd Vyeqn are average intensities in the first and last time point for the whole kymogram.
Colocalization scatter-plot was generated using Colocalization Threshold in Imagel.

CV of the fluorescence intensity profiles was calculated in Microsoft Excel according

to the equation:

sd ()
~ mean 0))

where sd (I) is standard deviation and mean (I) is mean of fluorescence intensities obtained for
each pixel of a given intensity profile.

Microdomain trajectory tracking was performed in Image] using TrackMate plugin (Tinevez
et al., 2017) as follows. LoG detector was used with estimated blob diameter set to 0.45 pm,
median filter and auto threshold on the quality feature was applied to detect individual spots
which were subsequently traced using simple LAP tracer with the following parameters: linking
max distance = 0.5 um, gap-closing max distance = 0.6 um and gap-closing max frame gap =

2.
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SUPPORTING INFORMATION

Figure S1. Arabidopsis thaliana lines overexpressing AfFLOTs do not exhibit any
apparent phenotype.

Figure S2. Tonoplast and plasma membrane localization of AfFLOTSs and A7HIRs in the

root epidermal cells.

Figure S3. Distribution of AfFLOT and AfHIR individual PM-associated microdomain

size in root epidermal cells.

Figure S4. AtFLOTs and AfHIRs are localized in PM microdomains in cotyledon and
hypocotyl epidermal cells.

Figure S5. Determination of correlation coefficient as a way to analyse a kymogram.

Figure S6. FRAP experiment description.

Figure S7. AtFLOT and AfHIR differ in the degree of fluorescence signal association with
PM.

Figure S8. AfFLOT and AfHIR microdomain localization pattern does not depend on the

integrity of microtubules and actin filaments.

Figure S9. Control treatment (0.1% DMSO) for ISX experiments presented in Figure 4a-1.

Figure S10. EGCG treatment of AfFLOT2-GFP epidermal root cells.

Figure S11. AfFLOTs but not A7fHIRs may interact with PM by their putative N-

terminal membrane binding site.

Figure S12. Sterol depletion does not affect mobility of PM-associated A(FLOTs and
ArHIRs.
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Movie S1. Time-lapse imaging of AZFLOT3-GFP in elongated epidermal root cell.
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Movie S2. Time-lapse imaging of A7FLOT2-GFP in elongating cells showing lateral
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Movie S3. Time-lapse imaging of A7fFLOT2-GFP in elongating cells showing slower
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movement of whole domain in the direction of corrals.
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Movie S4. Comparison of AfFLOT2-GFP microdomain mobility in PM of a protoplast
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and intact leaf epidermal cell.
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Movie S5. Close-up view of AfFLOT2-GFP microdomain in PM of a protoplast and intact
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leaf epidermal cell used for trajectory tracking in Figure 6f, g.
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FIGURE LEGENDS

Figure 1. AfFLOTs and AfHIRs are localized in PM microdomains in root and leaf
epidermal cells. (a-f) Elongating root epidermal cells in 5-day-old seedlings, (g-k) epidermal
lobed cells of the first true leaf in 10-day-old seedlings. SD confocal surface sections showing
PM-associated microdomains for AZFLOTI1-GFP (a, g), AfFLOT2-GFP (b, h), AfFLOT3-GFP
(c, i), AHIR1-YFP (d, j), AtHIR2-YFP (e) and AHIR4-YFP (f, k). Scale bars 5 pum. (l-q)
Airyscan images of PM surface focusing in detail on single PM-associated microdomains of
AFLOT1-GFP (1), AtFLOT2-GFP (m), AfFLOT3-GFP (n), AtHIR1-YFP (o), AtHIR2-YFP (p)
and AfHIR4-YFP (q) in root epidermal cells of 5-day-old seedlings. Scale bars 500 nm. (r)
Densities of PM-associated microdomains in root elongated epidermal cells of 5-day old
seedling showing the highest density for A7ZHIR1-YFP line (left panel), which is supported by
comparison with three independent 4/HIR1-GFP lines (right panel). Letters indicate the groups
of different distribution according to Kruskal-Wallis test followed by post hoc Dunn multiple
comparison test (p < 0.05, n = 30 to 33 for each individual line). (s) Size of individual
microdomains determined as FWHM from Airyscan imaging. Letters indicate the groups of
different distribution according to Kruskal-Wallis test followed by post hoc Dunn multiple
comparison test (p <0.05, n = 1415 to 2595 measured in 35 to 56 cells from 10 to 11 plants for
each individual line). Whiskers in boxplots (r, s) represent 10" and 90" percentile. In (s), the

values exceeding whiskers are dot displayed. FWHM - full width at half maximum.

Figure 2. Differential mobility of A/FLOTs and A/HIRs within PM. (a-f) Kymograms for
AfFLOT1 (a), AfFFLOT2-GFP (b), A(FLOT3-GFP (c), AtHIR1-YFP (d), AHIR2-YFP (e) and
AHIR4-YFP (f) obtained from 120 s time-lapse SD confocal time-lapse acquisition in
elongating root epidermal cells of 5-day-old seedlings. Scale bar 5 um. (g) Distribution of PCC
values calculated from fluorescence intensity profiles of the first (t = 0 s) and last (t = 120 s)
time point of kymograms. Letters indicate the groups of different distribution according to
Kruskal-Wallis test followed by post hoc Dunn multiple comparison test (p < 0.01, n = 83 to
156 (2 to 3 kymograms constructed for each epidermal root cell) from 9 to 13 plants for each
individual line). Note higher immobility of AfFFLOTSs in contrast to AfHIRs. (h) Quantification
of FRAP immobile fractions obtained by CLSM showing significantly different mobility for
PM-associated A7FLOTs and 4/HIRs and for tonoplast-localized AfHIR3-YFP and all other
PM-associated proteins (one-way ANOVA, p < 0.001). (i) Single exponential fits applied on
normalized FRAP data for AfFLOT1-GFP (1, = 8.3 s; R?=0.89, n = 27), A(FLOT2-GFP (1),
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=2835s;R2=0.81,n=9), AFFLOT3-GFP (1;» = 8.5 5; R2=0.65, n = 9), AtHIR1-YFP (1, =
12.3 5; R2 = 0.86, n = 13), AHIR2-YFP (1, = 16.2 5; R? = 0.85, n = 11), AHIR3-YFP (1., =
12.8 5; R2=0.97, n = 26) and A/HIR4-YFP (1, = 12.9 s; R? = 0.82, n = 17). Whiskers in

boxplots (g, h) represent 10 and 90" percentile. PCC - Pearson’s correlation coefficient.

Figure 3. AFLOTs and ArHIRs are localized along PM corrals co-aligning with
microtubules. (a-f) PM-associated corrals restricting the localization of AfFLOTI-GFP (a),
AFLOT2-GFP (b), AtFLOT3-GFP (c), AtHIR1-YFP (d), AtHIR2-YFP (¢) and AtHIR4-YFP (f)
domains in elongating root epidermal cells of 5-day-old seedlings. Confocal SD microscopy.
Note negative corrals (arrows) and aligning of domains in filamentous-like pattern
(arrowheads). Scale bars 5 um. (g) ArHIR1-YFP line co-transformed transiently with
microtubular marker MBD-mRFP, epidermal cells of cotyledons. Scale bars 10 pm. (h)
AFLOT2-GFP coexpressed with A7QD6-mCherry bound to microtubules transiently in
tobacco epidermal leaf cells. Scale bars 10 um. (i, j) AfFFLOT2-GFP (i) and AfHIR1-YFP (})
orthogonal CLSM projections obtained with Airyscan detector in cotyledon epidermal cells. xz,
yz projections and xy section through the middle of the PM region. Arrows point to the position

of corrals. Scale bars 2 pm. MBD — microtubule-binding domain, IQD6 — 1Q67 DOMAING6.

Figure 4. Cellulose biosynthesis or pectin status interference with ISX or EGCG
differentially affects the mobility of AZFLOT?2 and 4A7HIR1. (a-f) Microdomain organization
of AfFFLOT1-GFP (a), AfFLOT2-GFP (b), AfFLOT3-GFP (c), AtHIR1-YFP (d), AfHIR2-YFP
(e) and ArHIR4-YFP (f) after 1 h in 20 pM ISX. Confocal SD microscopy. Note generally
unchanged patterns. (g-1) Kymograms of AfFLOT1-GFP (g), AtFLOT2-GFP (h), AtFLOT3-
GFP (i), AtHIR1-YFP (j), AtHIR2-YFP (k) and AfHIR4-YFP (1) obtained from 120 s time-lapse
acquisition on root elongating epidermal cells upon treatment with ISX. Scale bars 5 pm. (m)
The quantification of CV of fluorescence intensities from 15 um linear transect within the PM
sufrace indicating higher segregation of fluorescence in AfFLOT2-GFP under ISX treatment.
(n) The quantification of FRAP immobile fractions obtained by CLSM showing significantly
increased mobility for AfHIR1-YFP after 1 h in 20 pM ISX in comparison with control in 0.1%
DMSO. No significant difference was observed for AfFLOT2-GFP. ArLti6b-GFP line was used
as a positive control for ISX treatment. (o) The quantification of FRAP immobile fractions
obtained by CLSM showing a decrease in mobility of A/FLOT2-GFP when treated with 50 uM
EGCQG for | hour while no difference observed for A/HIR1-YFP. (m-0) Asterisks indicate p-
value of Wilcoxon rank-sum test: * p < 0.05, *** p <0.001, n =15 — 65 from 7 — 16 seedlings
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for each individual line. Whiskers in boxplots (m-0) represent 10™ and 90% percentile. ISX —

isoxaben, CV — coefficient of variation, EGCG — epigallocatechin gallate.

Figure 5. Cell wall removal increases the mobility of AfFLOT2 and A7HIRI. (a, d) SD
confocal surface section of AfFLOT2-GFP (a, b) and AfHIRI-YFP (c, d) showing different
localization pattern under plasmolysis (0.5 M mannitol, 30 min, b, d,) when compared with
control (half strength MS liquid medium supplemented with 1% sucrose, a, ¢). (e, f) Maximum
intensity projection from Z-stack acquisitions (total Z-range = 4 um) in grayscale (left panels)
and depth-coded (right panels, fire look-up table, dark blue represents the objects closest to the
surface while white is most distant from the surface) showing different effect of plasmolysis on
relocalization of AfFLOT2-GFP and AfHIR1-YFP. (g) The quantification of FRAP immobile
fractions obtained by CLSM showing the decrease of AfIFLOT2-GFP and AfHIR1-YFP mobility
in response to strong plasmolysis (0.8 M mannitol, 30 min) when compared with control (half
strength MS liquid medium supplemented with 1% sucrose). Wilcoxon rank-sum test: *** p <
0.001, n =15 — 40 from 7-9 seedlings for each individual line. (h) Cartoon depicting the events
and further analysed structures occurring under partial CW digestion. (i, j) The quantification
of FRAP immobile fractions obtained by CLSM showing increase of mobility of A(FLOT2-
GFP (i) and AHIRI-YFP (j) at the PM under partial CW digestion when compared with
seedling treated with liquid half strength MS or with 0.2 M mannitol-based buffer without
enzymes. Letters indicate the groups of different distribution according to Kruskal-Wallis test
followed by post hoc Dunn multiple comparison test (p < 0.05, n= 15 to 55 from 9 to 19 plants
for each individual line, treatment or measured structure). Whiskers in boxplots (g, i, J)
represent 10th and 90th percentile. Scale bars 5 pm (a-d), 10 pm (e, f). man. — mannitol, APM
— anchored plasma membrane, DPM — detached plasma membrane, RPM — released plasma

membrane.

Figure 6. AfFLOT?2 individual microdomain mobility is increased in protoplast. (a,b)
Kymograms for AfFLOT2-GFP obtained from 120 s time-lapse SD confocal acquisition of
intact leaf epidermal cell (a) or protoplast (b) prepared from leaf showing higher dynamics of
AFLOT2-GFP microdomains in protoplast. (¢, d) Merge of images corresponding to 0 s (red)
and 120 s (green) of a time-lapse SD confocal acquisition of intact leaf epidermal cell (c) or
protoplast (d) prepared from leaf showing much higher level of co-localization (scatter-plot
shape with higher PCC values) in intact leaf epidermal cell (c) compared to protoplast (d). (e)

Maximum intensity projection from 44 SD confocal sections (step size 200 nm) showing PM-
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associated microdomains in protoplast including corrals (arrows). Trajectories of individual
microdomains within 120 s time-lapse acquisition and pseudocolor-coded microdomain track

duration in intact leaf epidermal cell (f) and released protoplast (g). Note longer duration and

CON OV BN =

shorter trajectories for microdomains in leaf cell (f) and shorter duration and longer trajectories

= O
o

in protoplast (g). Scale bars 5 pm (a-e), 1 pm (f, g). PCC - Pearson’s correlation coefficient.
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Figure 1. AtFLOTs and AtHIRs are localized in PM microdomains in root and leaf epidermal cells.
(a-f) Elongating root epidermal cells in 5-day-old seedlings, (g-k) epidermal lobed cells of the first true leaf
in 10-day-old seedlings. SD confocal surface sections showing PM-associated microdomains for AtFLOT1-GFP
(a, g), AtFLOT2-GFP (b, h), AtFLOT3-GFP (c, i), AtHIR1-YFP (d, j), AtHIR2-YFP (e) and AtHIR4-YFP (f, k).
Scale bars 5 um. (I-gq) Airyscan images of PM surface focusing in detail on single PM-associated
microdomains of AtFLOT1-GFP (1), AtFLOT2-GFP (m), AtFLOT3-GFP (n), AtHIR1-YFP (o), AtHIR2-YFP (p) and
AtHIR4-YFP (q) in root epidermal cells of 5-day-old seedlings. Scale bars 500 nm. (r) Densities of PM-
associated microdomains in root elongated epidermal cells of 5-day old seedling showing the highest density
for AtHIR1-YFP line (left panel), which is supported by comparison with three independent AtHIR1-GFP lines
(right panel). Letters indicate the groups of different distribution according to Kruskal-Wallis test followed by
post hoc Dunn multiple comparison test (p < 0.05, n = 30 to 33 for each individual line). (s) Size of
individual microdomains determined as FWHM from Airyscan imaging. Letters indicate the groups of different
distribution according to Kruskal-Wallis test followed by post hoc Dunn multiple comparison test (p < 0.05, n
= 1415 to 2595 measured in 35 to 56 cells from 10 to 11 plants for each individual line). Whiskers in

SUBMITTED MANUSCRIPT

108

Page 36 of 53



Page 37 of 53 The Plant Journal

boxplots (r, s) represent 10th and 90th percentile. In (s), the values exceeding whiskers are dot displayed.
FWHM - full width at half maximum.
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Figure 2. Differential mobility of AtFLOTs and AtHIRs within PM. (a-f) Kymograms for AtFLOT1 (a),
AtFLOT2-GFP (b), AtFLOT3-GFP (c), AtHIR1-YFP (d), AtHIR2-YFP (e) and AtHIR4-YFP (f) obtained from 120 s
time-lapse SD confocal time-lapse acquisition in elongating root epidermal cells of 5-day-old seedlings.
Scale bar 5 um. (g) Distribution of PCC values calculated from fluorescence intensity profiles of the first (t =
0 s) and last (t = 120 s) time point of kymograms. Letters indicate the groups of different distribution
according to Kruskal-Wallis test followed by post hoc Dunn multiple comparison test (p < 0.01, n = 83 to
156 (2 to 3 kymograms constructed for each epidermal root cell) from 9 to 13 plants for each individual
line). Note higher immobility of AtFLOTs in contrast to AtHIRs. (h) Quantification of FRAP immobile fractions
obtained by CLSM showing significantly different mobility for PM-associated AtFLOTs and AtHIRs and for
tonoplast-localized AtHIR3-YFP and all other PM-associated proteins (one-way ANOVA, p < 0.001). (i) Single
exponential fits applied on normalized FRAP data for AtFLOT1-GFP (t1/2 = 8.3 5; R2 = 0.89, n = 27),
AtFLOT2-GFP (11/2 = 28.3 s; R2 = 0.81, n = 9), AtFLOT3-GFP (11/2 = 8.5 s; R2 = 0.65, n = 9), AtHIR1-
YFP (T1/2 = 12.3 s; R2 = 0.86, n = 13), AtHIR2-YFP (T1/2 = 16.2 s; R2 = 0.85, n = 11), AtHIR3-YFP (T1/2
=12.85s; R2 = 0.97, n = 26) and AtHIR4-YFP (11/2 = 12.9 s; R2 = 0.82, n = 17). Whiskers in boxplots (g,

Time (s)

60 80

h) represent 10th and 90th percentile. PCC - Pearson’s correlation coefficient.
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Figure 3. AtFLOTs and AtHIRs are localized along PM corrals co-aligning with microtubules. (a-f)
PM-associated corrals restricting the localization of AtFLOT1-GFP (a), AtFLOT2-GFP (b), AtFLOT3-GFP (c),
AtHIR1-YFP (d), AtHIR2-YFP (e) and AfHIR4-YFP (f) domains in elongating root epidermal cells of 5-day-old
seedlings. Confocal SD microscopy. Note negative corrals (arrows) and aligning of domains in filamentous-
like pattern (arrowheads). Scale bars 5 um. (g) AtHIR1-YFP line co-transformed transiently with
microtubular marker MBD-mRFP, epidermal cells of cotyledons. Scale bars 10 um. (h) AtFLOT2-GFP
coexpressed with AtIQD6-mCherry bound to microtubules transiently in tobacco epidermal leaf cells. Scale
bars 10 pm. (i, j) AtFLOT2-GFP (i) and AtHIR1-YFP (j) orthogonal CLSM projections obtained with Airyscan
detector in cotyledon epidermal cells. xz, yz projections and xy section through the middle of the PM region.
Arrows point to the position of corrals. Scale bars 2 um. MBD - microtubule-binding domain, IQD6 - IQ67
DOMAING.
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Figure 4. Cellulose biosynthesis or pectin status interference with ISX or EGCG differentially
affects the mobility of AtFLOT2 and AtHIR1. (a-f) Microdomain organization of AtFLOT1-GFP (a),
AtFLOT2-GFP (b), AtFLOT3-GFP (c), AtHIR1-YFP (d), AtHIR2-YFP (e) and AtHIR4-YFP (f) after 1 h in 20 pM
ISX. Confocal SD microscopy. Note generally unchanged patterns. (g-1) Kymograms of AtFLOT1-GFP (g),
AtFLOT2-GFP (h), AtFLOT3-GFP (i), AtHIR1-YFP (j), AtHIR2-YFP (k) and AtHIR4-YFP (I) obtained from 120 s
time-lapse acquisition on root elongating epidermal cells upon treatment with ISX. Scale bars 5 pm. (m) The
quantification of CV of fluorescence intensities from 15 pm linear transect within the PM sufrace indicating
higher segregation of fluorescence in AtFLOT2-GFP under ISX treatment. (n) The quantification of FRAP
immobile fractions obtained by CLSM showing significantly increased mobility for AtHIR1-YFP after 1 h in 20
MM ISX in comparison with control in 0.1% DMSO. No significant difference was observed for AtFLOT2-GFP.
AtLtiéb-GFP line was used as a positive control for ISX treatment. (o) The quantification of FRAP immobile
fractions obtained by CLSM showing a decrease in mobility of AtFLOT2-GFP when treated with 50 uM EGCG
for 1 hour while no difference observed for AtHIR1-YFP. (m-0) Asterisks indicate p-value of Wilcoxon rank-
sum test: * p < 0.05, *** p < 0.001, n = 15 - 65 from 7 — 16 seedlings for each individual line. Whiskers in
boxplots (m-o0) represent 10th and 90th percentile. ISX - isoxaben, CV - coefficient of variation, EGCG -
epigallocatechin gallate.
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Figure 5. Cell wall removal increases the mobility of AtFLOT2 and AtHIR1. (a, d) SD confocal surface
section of AtFLOT2-GFP (a, b) and AtHIR1-YFP (c, d) showing different localization pattern under plasmolysis
(0.5 M mannitol, 30 min, b, d,) when compared with control (half strength MS liguid medium supplemented
with 1% sucrose, a, c). (e, f) Maximum intensity projection from Z-stack acquisitions (total Z-range = 4 ym)
in grayscale (left panels) and depth-coded (right panels, fire look-up table, dark blue represents the objects
closest to the surface while white is most distant from the surface) showing different effect of plasmolysis on
relocalization of AtFLOT2-GFP and AtHIR1-YFP. (g) The quantification of FRAP immobile fractions obtained by
CLSM showing the decrease of AtFLOT2-GFP and AftHIR1-YFP maobility in response to strong plasmolysis (0.8
M mannitol, 30 min) when compared with control (half strength MS liquid medium supplemented with 1%
sucrose). Wilcoxon rank-sum test; *** p < 0.001, n = 15 - 40 from 7-9 seedlings for each individual line.
(h) Cartoon depicting the events and further analysed structures occurring under partial CW digestion. (i, j)
The quantification of FRAP immobile fractions obtained by CLSM showing increase of mobility of AtFLOT2-
GFP (i) and AtHIR1-YFP (j) at the PM under partial CW digestion when compared with seedling treated with
liquid half strength MS or with 0.2 M mannitol-based buffer without enzymes. Letters indicate the groups of
different distribution according to Kruskal-Wallis test followed by post hoc Dunn multiple comparison test (p
< 0.05, n = 15 to 55 from 9 to 19 plants for each individual line, treatment or measured structure).
Whiskers in boxplots (g, i, j) represent 10th and 90th percentile. Scale bars 5 ym (a-d), 10 ym (e, f). man.
- mannitol, APM - anchored plasma membrane, DPM - detached plasma membrane, RPM - released
plasma membrane.
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Figure 6. AtFLOT2 individual microdomain mobility is increased in protoplast. (a,b) Kymograms for
AtFLOT2-GFP obtained from 120 s time-lapse SD confocal acquisition of intact leaf epidermal cell (a) or
protoplast (b) prepared from leaf showing higher dynamics of AtFLOT2-GFP microdomains in protoplast. (c,
d) Merge of images corresponding to 0 s (red) and 120 s (green) of a time-lapse SD confocal acquisition of
intact leaf epidermal cell (c) or protoplast (d) prepared from leaf showing much higher level of co-
localization (scatter-plot shape with higher PCC values) in intact leaf epidermal cell (¢) compared to
protoplast (d). (e) Maximum intensity projection from 44 SD confocal sections (step size 200 nm) showing
PM-associated microdomains in protoplast including corrals (arrows). Trajectories of individual microdomains
within 120 s time-lapse acquisition and pseudocolor-coded microdomain track duration in intact leaf
epidermal cell (f) and released protoplast (g). Note longer duration and shorter trajectories for
microdomains in leaf cell (f) and shorter duration and longer trajectories in protoplast (g). Scale bars 5 ym
(a-e), 1 ym (f, g). PCC - Pearson’s correlation coefficient.
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Figure S1. Arabidopsis thaliana lines overexpressing AtFLOTs do not exhibit any apparent
phenotype. Col-0, AtFLOT1-GFP, AtFLOT2-GFP and AtFLOT3-GFP lines were sown onto vertical agar plates
and grown for six days. Scale bar 1 cm.
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Figure S2. Tonoplast and plasma membrane localization of AtFLOTs and AtHIRs in the root
epidermal cells. 5-day-old seedlings, confocal SD cross sections for AtFLOT1-GFP (a), AtHIR1-YFP (b),
AtHIR2-YFP (c), and AtHIR4-YFP (f) showing concomitant localisation in both plasma membrane and
tonoplast while AtHIR3-YFP (d) is present exclusively in tonoplast and AtFLOT2-GFP (g) and AtFLOT3-GFP
(h) only in plasma membrane. Confocal SD section of tonoplast surface for AtHIR3-YFP (e). AtPIP2;1-GFP (i)
or AtVAMP711-YFP (j) were used as marker lines for plasma membrane or tonoplast localization,
respectively. Scale bars 10 um (a-d, f-j) or 5 pm (e).
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Figure S3. Distribution of AtFLOT and AtHIR individual PM-associated microdomain size in root
epidermal cells. Histograms of individual microdomain diameters determined as FWHM for AtFLOT1-GFP
(a), AtFLOT2-GFP (b), AtFLOT3-GFP (c), AtHIR1-YFP (d), AtHIR2-YFP (e) and AtHIR4-YFP (f). Airyscan
confocal microscopy. FWHM - full width at half maximum.
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FLOT1-GFP

Figure S4. AtFLOTs and AtHIRs are localized in PM microdomains in cotyledon and hypocotyl
epidermal cells. (a-f) Epidermal lobed cells of cotyledons, (g-1) hypocotyl epidermal cells. 5-day-old
seedlings, SD confocal cell surface sections showing PM-associated microdomains for AtFLOT1-GFP (a, g),
AtFLOT2-GFP (b, h), AtFLOT3-GFP (c, i), AtHIR1-YFP (d, j), AtHIR3-YFP (e, k) and AtHIR4-YFP (f, 1). SD
confocal microscopy. Scale bars 5 pm. Note: AtHIR2-YFP fluorescence was not detected in aerial tissues.
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Figure S5. Determination of correlation coefficient as a way to analyse a kymogram. (a) A time-
lapse series is acquired. For each pixel of such an acquisition three variables are to be read out - x and y
radial coordinate corresponding to the position at the sample with regards to the camera or another
acquisition device, and time (T) value corresponding with the time layer in the stack of images acquired. At
the first time point (first layer in the time stack) a linear region of interest (red line) is created representing
a sequence of pixels (with radial coordinates from x1, y1 to xn, yn). These lines are then stacked one onto
another by the time points of acquisition and a kymogram is thus produced (b). We used the sequence of
fluorescence intensities from the first (c) and last (d) time point and plotted them against each other (e).

Finally, PCC was calculated for these sequence of intensities (f).



CO~NOYWVT B WK =

oUuuUuUuUuUUUUUUDSDEDRSDEDBDAEDBDDSDBDDEWWWWWWWWWWNRNRNRNRNRNNRNRNRGS 2 5 2 5 oo
COWNOUNPAWN OOV JYOUVNRWN-TDODUOVLONOUNRERWN OV INOUVMEWN-QOQUOUONOURERWN-=O

The Plant Journal

Q
(on

Fluorescence intensity
(16 bit grey levels)

Timé (s)

© HIR1-YFP n=13| HIR2-YFP n=11
ES £B
[ o
£ i3
g2 3=
& o E o o
- © - © e e < AR
Bz 82 ST oo
EE 5 ¢ : ,'// &
EE 5 Eenfii
z z /
g Time (s) h Time (s)
- FLOT1-GFP n=27 " J FLOT2-GFP =g
g5 35
g3 g2
£g £g
SE SE
by £.8
¢ > o >
32 52
EZ ESZ v 53
5§ & G E S o o T Y
z z e
Time (s) Time (s)

Page 48 of 53

(@]

HIR3-YFP n=26

Normalized fluorescence
intensity of FRAP (au)

Time (s)

-

HIRA-YFP n-17

Normalized fluorescence
intensity of FRAP (au)

Time (s)

FLOT3-YFP n=9

Normalized flucrescence
intensity of FRAP (au)

N

\

A

Time (s)

Figure S6. FRAP experiment description. (2) ROIs for bleaching (1, 2, 3), non-bleached control (4) and
background control (5) in root epidermal cells of 5-day-old seedlings. (b) Fluorescence intensity values
during pre-bleach, post bleach and FRAP period. (c-i) Normalized fluorescence intensity of FRAP with single
exponential fits for tonoplast-localized AtHIR3-YFP (c) and PM-associated AtHIR1-YFP (d), AtHIR2-YFP (e),

AtHIR4-YFP (), AtFLOT1 (g), AtFLOT2-GFP (h) and AtFLOT3-GFP (i).
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Figure S7. AtFLOT and AtHIR differ in the degree of fluorescence signal association with PM. The
quantification of CV of fluorescence intensities from 15 um linear transect within the PM surface indicating
higher segregation of fluorescence in AtFLOTs and lower in AtHIRs. Letters indicate the groups of different
distribution according to Kruskal-Wallis test followed by post hoc Dunn multiple comparison test (p < 0.01, n
= 124 to 268 (2 - 3 intensity profiles per cell) from 9 to 11 plants for each individual line). Whiskers in
boxplots represent 10th and 90th percentile. CV - coefficient of variation.
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Figure S8. AtFLOT and AtHIR microdomain localization pattern does not depend on the integrity
of microtubules and actin filaments. 5-day-old seedlings, root epidermal cells in elongation zone,
confocal SD surface sections for AtFLOT2-GFP (a, d), AtFLOT3-GFP (b, e) and AtHIR1-YFP (c, f), FABD-
GFP/mCherry-TUAS (g) treated for 2 h with 20 pM Ory (a-c, g lower row) or 1 pM LatB (d-f, g middle row).
Scale bars 5 um (a-f), 10um (g). Ory, oryzalin, LatB, latrunculin B.
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Figure S9. Control treatment (0.1% DMSO) for ISX experiments presented in Figure 4a-1. Confocal
SD surface sections and representative kymograms obtained from 120 s time-lapse acquisition in root
elongating epidermal cells for AtFLOT1-GFP (a, g), AtFLOT2-GFP (b, h), AtFLOT3-GFP (c, i), AtHIR1-YFP (d,
j), AtHIR2-YFP (e, k) and AtHIR4-YFP (f, ). Scale bars 5 pm.
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Figure S10. EGCG treatment of AtFLOT2-GFP epidermal root cells. Localization pattern (a, b) and
kymograms (c, d) remain without apparent changes upon 1 h treatment with 50 pM EGCG (b, d) when
compared with control 0.1 % DMSO treatment (a, c). (e) Distribution of PCC values calculated from
fluorescence intensity profiles of the first (t = 0 s) and last (t = 120 s) time point of kymograms. No
difference detected (p > 0.05, n = 60 and 101 (2 to 3 kymographs constructed for each epidermal root cell)
from 6 and 10 plants for DMSO or EGCG respectively). (f) Distribution of CV values of fluorescence
intensities from 15 pm linear transect within the PM surface showing higher segregation of fluorescence
under 1 h treatment with 50 uM EGCG when compared with control 0.1 % DMSO treatment (**p < 0.01, n
= 107 and 216 (2 - 3 intensity profiles per cell) from 12 and 16 plants for DMSO or EGCG respectively).
Whiskers in boxplots (e, f) represent 10th and 90th percentile Scale bars 5 pm. EGCG - epigallocatechin
gallate, PCC - Pearsons’ correlation coefficient, CV - coefficient of variation.
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Figure S11. AtFLOTs but not AtHIRs may interact with PM by their putative N-terminal membrane
binding site. (a) Stretches of high BH score (> 0.6, considered as putative membrane-binding sites,
dashed horizontal line) were identified in FLOT aa sequences from Arabidopsis thaliana (red lines), Medicago
truncatula (purple lines), Oryza sativa (green lines) and FLOT1s (black dashed lines) and FLOT2s (black solid
lines) from Mus musculus, Drosophila melanogaster and Homo sapiens. It was not found in AtHIR sequences
(blue lines). The sequences were obtained from UniProt (https://www.uniprot.org) and the search was
carried out using BH search tool (https://hpcwebapps.cit.nih.gov/bhsearch/) with window size set to 15.
Values for first 50 residues are shown, no additional peak of values exceeding BH-score 0.6 were found
throughout all the sequences. (b) Alignment of the sequences showing conserved motif rich in basic and
hydrophobic aa residues shared among plant FLOTs which was not found in Arabidopsis HIRs. Underlined
residues contribute to BH score > 0.6 of the sequences. Alignment was performed in Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) with default settings. Note: during the BH search, 7 residues
surrounding in both directions a given position of a residue were considered for counting the BH score at the
given position (when the window was set to 15, i.e. 7+1+7). For this reason, there are BH-score = 0 for the
first aa positions (a). However, as depicted in the alignment, an additional short motif rich in basic and
hydrophobic residues is conserved among plant FLOT sequences at their very N-termini. This one is also not
present in AtHIR sequences (b).
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Figure S12. Sterol depletion does not affect mobility of PM-associated AtFLOTs and AtHIRs.
Localization pattern (a, 1) and kymograms (m-x) of AtFLOT1-GFP (a, g, m, s), AtFLOT2-GFP (b, h, n, t),
AtFLOT3-GFP (c, i, 0, u), AtHIR1-YFP (d, j, p, v), AtHIR2-YFP (e, k, g, w) and AtHIR4-YFP (f, |, r, x) remain
without apparent changes upon 30 min treatment with 10 mM mBCD (g-I, p-r, v-x) when compared with
control (a-f, m-o, s-u; half strength liquid MS medium supplemented with 1 % sucrose). Quantification of
FRAP immobile fractions (y) showing no change of mobility of AtFLOT2-GFP and AtHIR1-YFP between control
and mBCD-treated seedlings (Wilcox rank-sum test, p > 0.05, n = 27 to 40 from 8 to 9 seedlings for each
line and treatment). 6-day old seedling were used. Whiskers in boxplots (y) represent 10th and 90th
percentile Scale bars 5 pm. mBCD - methyl-B-cyclodextrin.
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Discussion and perspectives

In the presented papers we showed (i) that transcription of A¢tFLOTs is changed under several
stimuli, however no apparent phenotype was observed in single isoform loss-of-function mutants
under the treatments tested. (ii) We revealed several membrane proteins to interact with
AtFLOT?2, many of these interactions are direct. Among them, important parts of the identified
proteins are involved in transport (especially water transport) and response to biotic and abiotic
stress. (iii) We observed differences in the localization of single isoforms of 4tFLOTs and AtHIRs
— some of them were found only at PM while others shared PM and tonoplast localization. One
AtHIR isoform was localized exclusively at the tonoplast. We observed differences in single
isoform dynamics at PM, when AtFLOTSs were generally more stable than AfHIRs, however
overall mobility of the proteins from the both groups were very low. We observed the effect of

CW on the mobility of the proteins from both groups.

Lack of phenotype in single loss-of-function mutants of AtFLOTs

To find out the possible functions of 4AfFLOTs we decided to apply reverse genetics approach.
We focused on AtFLOTs since only low knowledge has been gained so far on them while AfHIRs
have been already documented to play an important role in induction and control of
hypersensitive response intensity under pathogen attack by the mechanism of interaction with
resistance proteins (Qi et al., 2011, Qi and Katagiri, 2009). Similar function and mechanism was
reported for HIRs from other plants such as pepper (Choi et al., 2013, Jung and Hwang, 2007,
Jung et al., 2008), rice (Zhou et al., 2010, Zhou et al., 2009), barley (Rostoks et al., 2003), wheat
(Zhang et al., 2011, Zhang et al., 2009, Yu et al., 2013, Yu et al., 2008, Liu et al., 2013, Chen et
al., 2012, Duan et al., 2013), tobacco (Choi et al., 2011, Li et al., 2019) or soy (Xiang et al., 2015).

Before the beginning of the phenotyping screen we selected the treatments based on
expression data obtained from Genevestigator (Danck et al., 2016). As Genevestigator ATH1
chip recognizes both AtFLOTI and AtFLOT? transcripts by the same probe and it is thus
impossible to discern whether the two closely related isoform respond in the same way to a given
cue we measured the transcription level of AtFLOTs under some of the treatments using
quantitative real-time PCR. We decided to test biotic, abiotic and phytohormone cues and
performed performance tests under cold, salt, nitrogen and phosphate starvation, abscisic acid
(ABA), naphthaleneacetic acid (NAA) Botrytis cinerea BMM (BMM), Pseudomonas syringae
pv. tomato DC3000 (Pst) and bacterial elicitor flg22. For the treatment of A¢FLOT2 mutant,
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another bacterial elicitor elfl8 was used as AtFLOT2 mutant was in the background of
Wassilewskija ecotype which is deficient in functional AzFLS2 that encodes flagellin receptor
(Gomez-Gomez et al., 1999).

We observed some differences between our measurements and Genevestigator data
where all of the selected treatments induced an increase in the transcription. The most pronounced
difference was in case of Pst and ABA, where we did not detect any difference in transcription
of all three A¢tFLOTs. In case of ABA, the observed lack of a change may be caused by the great
variability in our transcription data after ABA treatment. Salt treatment downregulated AtFLOT1
and AtFLOT? instead of an increase. Cold treatment enhanced the transcription only in A¢tFLOT3
while the other two isoforms remained unaffected. On the other hand, bacterial elicitor flg22 and
BMM induced the expected increase in transcription. In case of salt, flg22 and BMM treatment
more than one isoform of AtFLOTs responded in the same direction (usually AtFLOTI and
AtFLOT?2 shared the same pattern) which suggests redundant involvement of 4¢tFLOTSs in the
related biological processes.

The functional redundancy of single isoforms is a probable explanation for the absence
of any phenotype in the tested single loss-of-function mutants. Especially the functional linkage
between AfFLOT1 and AfFLOT2 seems probable as these two are tandem duplicates (Di et al.,
2010) and their transcription responded similarly in our screen. Moreover, a growth phenotype
as well as reduction of flg22-induced callose deposition is described in amiRNA knock-down
line with simultaneously decreased AtFLOTI and AtFLOT?2 expression (Li et al., 2012, Yu et al.,
2017). We did not observe any such effect in single mutants for neither of the two isoforms and
we also did not detect any differences in hydrogen peroxide production upon flg22 treatment in
none of A(FLOT single mutants when compared with wild type. Interestingly, the involvement
of FLOTs in plant-microbe interaction was reported in M. truncatula, where several MtFLOTs
are important for nodulation by the means of functional linkage with receptor kinase MfLYK3
recognizing rhizobacterial signalling molecule Nod factor. This resembles the situation in A.
thaliana where receptor kinase AfFLS2 upon activation by its ligand flg22 increases its
colocalization with AfFLOT1 (Cui et al., 2018) which is then endocytosed and degraded with an
increased intensity (Yu et al., 2017).

We did not observe any phenotype in nitrogen starvation experiments although cellular
dynamics of ammonium transporter AfAMT1;3 was described to be altered in
AtFLOTI1/AtFLOT?2 double knock-down mutant (Wang et al., 2013).

Based on our observation of no phenotype in single mutants it is necessary to produce
multiple mutants of AtFLOTs. Given that AtFLOTI and AtFLOT?2 loci are adjacent one to each
other at the same chromosome, there is no way to obtain double mutants in these genes by
crossing individual single mutants. One possibility to generate double mutant the usage of RNAi-

based approach (as in Li et al. 2012) where both loci can be targeted by single interfering RNA
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with a high probability due to close sequence similarity of both genes. Another method is
CRISPR/Cas9 editing which enables multiple targeting and thus to delete all three A¢tFLOTs in
one go. Attempts have been made in out lab without satisfying results yet. RNAi-produced knock-
down mutants might be in fact more valuable in case that total ablation of multiple isoforms had

a severe impact on plant performance.

Interactome of AtFLOT2

Mammalian homologs of FLOTs were reported to form functional complexes with a number of
proteins among which cytoskeleton related proteins (Baumann et al., 2000, Liu et al., 2005,
Langhorst et al., 2008) and tyrosine kinases (Ullrich and Schlessinger, 1990, Neumann-Giesen et
al., 2007, Amaddii et al., 2012) are the most frequent. The interaction with protein partners is
realized by coiled coil motifs in C-terminus of FLOT sequences (Neumann-Giesen et al., 2004,
Solis et al., 2007) that were also predicted in AfFLOTSs (Dangk et al., 2016).

Determination of PM-bound protein complexes by co-immunoprecipitation and
subsequent mass spectrometry (Co-IP/MS) can be tricky due to low fraction of PM proteins and
relatively drastic conditions that are required to solubilize the complexes from PM. Therefore we
applied modified protocol involving covalent cross-linking of the members of putative complexes
(Qi and Katagiri, 2009, Qi et al., 2011) which allows the usage of such conditions. In order to
minimize the false positive results originating from cross-linking of AfFLOT?2 e.g. with abundant
cytoplasmic proteins we isolated and purified microsomal fraction prior to cross-linking.

AtFLOT2 was substantially enriched in both microsomal and PM fraction. Intriguingly
only few proteins were repeatedly identified from microsomal fraction while much more were
found to bind A(FLOT2 when PM fraction was used. This effect is due to low portion of PM in
microsomal membrane and associated low amount of PM-associated proteins which are thus
more diluted in total membrane proteins. Our microscopic observation indeed detected AtFLOT?2
only in PM and thus working with PM-enriched membrane fraction in Co-IP/MS analysis is a
reasonable approach to obtain valid results in this case.

The determined interactors were mostly involved in cell transport (4tAHA1, AtABCG36,
AtPIP1;2, AfPIP2;1, AfPIP2;2, AfPIP2;6, AfPIP2;7, AtSYP71), plant immunity (4¢tAHAI,
AtHIR2, AtABCG39, AfNHL3, AtSYP71) or water stress (4/PIPs, AtERD4). Interestingly the
interaction of AfFLOT?2 with ArHIR2 was detected and subsequently verified as direct, while
none of the two other AfFLOT isoforms were found. We suppose that this can be due to generally
lower level of AtFLOT proteins in leaf cell when compared with AtHIRs among which 4/HIR2
is the most expressed one (Dangk et al., 2016). Among the detected interactors many of them

such as AtAHA1, AtPIP1;2, AP1P2;7, AtSYP71, AtNHL3, AtERD4, AtHIR2 were in previous
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studies detected in DRM (Borner et al., 2005, Shahollari et al., 2004, Keinath et al., 2010) which
is also the case of AfFLOT2 homologs (Borner et al., 2005, Ishikawa et al., 2015) which suggests
that these proteins preferentially localize in similar PM sub-areas where they can interact which
could be important for their proper functioning.

Some of the revealed interactions were proven direct using split-ubiquitin system.
Interestingly AfPIP1;2 and AfPIP2;6 directly bound A¢tFLOT2 while the rest of the tested A7PIP
isoforms did not. Indirect interaction with other isoforms may be realized by binding AtPIP1;2
and A¢PIP2;6 subunits of tetramers composed of different A¢PIP isoforms (Jozefkowicz et al.,
2017). Moreover, interactome of AfPIPs comprises several hundreds of proteins (Bellati et al.,
2016) some of which can potentially indirectly interact with 4fFLOT?2.

In addition, AfFLOT1 was found to bind AtFLOT3 (Yu et al., 2017) so the interaction
with AfFLOT2 seems also probable. AfFLOT1 was found to colocalize (but the interaction per se
was not investigated) with AtAMT1;3 (Wang et al., 2013), ArBRI1 (Wang et al., 2015), AfPIP2;1
(Lietal., 2011), AfRbohD (Liu et al., 2015) and A¢FLS2 (Cui et al., 2018) where it was important
for the clathrin-independent endocytosis of these proteins. AfFLOT1 was also found in early and
late endosome where it colocalized with the markers of these structures — 4fVHA-al and
AtRabG3f (Yu et al., 2017). Moreover it was shown to colocalize with myosin-binding protein
AtMyoB1 (Peremyslov et al., 2013) which indicates that the vesicular transport of 4(FLOT]1
might be provided by its functional linking with actin cytoskeleton. AfFLOT2 may be involved
in similar processes as we identified 4tSYP71, a Qc SNARE protein important for vesicular
transport (Sanderfoot et al., 2001) as its direct interactor.

Interestingly, we did not find any of the putative interactors which are available in
Associomics interaction database (Jones et al., 2014) for AfFLOT2 (Dan¢k et al., 2016) in our
study. Associomics interactions were determined in a screen using split-ubiquitin system and
revealed thus direct interactions (Jones et al., 2014). We suppose that these distinct approaches
in initial screen could contribute to different proteins determined.

The found interaction of AfFLOT2 should be in next steps verified in planta using e.g.
FRET or FLIM or cross-correlation spectroscopy techniques which would allow dynamic study

of the interaction in vivo.
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Differences between AtFLOT and AtHIR behaviour at the plasma
membrane

In our microscopic study we were using stable transformants of 4. thaliana expressing single
isoforms of AtFLOT or AfHIR fused to GFP or YFP respectively under the control of CaMV 35S
promoter as there was very low fluorescence of AfFLOT1-GFP reported when the expression was
driven by endogenous promoter (Li et al., 2012).

Although both subgroups of proteins were found at PM where they formed
microdomains, in all AZHIRs we observed minor pool of the proteins to concomitantly localize at
the tonoplast. This tendency was most prominent in AzHIR3 which was present only at the
tonoplast. Intriguingly, AfFLOT1 was also localized at the tonoplast and probably also at other
endomembranes which is in line with the published results obtained using electron microscopy
(Lietal., 2012) as well as with its involvement in endocytosis of several membrane proteins (Hao
et al., 2014, Liet al., 2011, Cui et al., 2018, Wang et al., 2015).

Both subgroups significantly differed in lateral mobility at PM, where AfFLOTs were
generally more stable than AfHIRs. This was apparent at the kymographs which allows to display
the mobility of the whole fluorescent foci over time. Here it is visible that the majority of
AtFLOT-defined microdomains remains at the same position throughout the entire 120 s
observation period whereas AfHIR microdomains were more fluctuating. Corresponding results
were achieved by application of FRAP. Mobility of AfHIR3 at the tonoplast was however the far
highest of all isoforms from both groups. Similar difference was observed in case of aquaporins
where tonoplast localized isoform exhibited strikingly higher mobility than PM-localized one
(Hosy et al., 2014, Luu et al., 2012). Moreover, the same pattern was present in AzPIP2;1 where
PM pool was more immobile than the protein localized at endomembranes (Sorieul et al., 2011).
The higher mobility at the tonoplast than at PM has been recently also presented for 4fHIR1 (Lv
et al., 2017a). In our case we can hypothesize that concomitant presence at the tonoplast promotes
the mobility of PM pool of the same protein. In addition to AfHIR1/2/4 this is also slightly
apparent for AtfFLOT1 which is in minor pool present at the tonoplast and which was in our study
the least immobile of three AfFLOTs, however the difference was not significant. This higher
mobility may be caused by faster exchange between endomembranes and PM or by the different
way of interaction with PM.

The second possibility seems plausible to take place in our case as AfHIRs unlike
AtFLOTSs harbour putative lipidation sites in their sequences (Dan¢k et al., 2016). Accordingly
AtHIRs were experimentally found to be myristoylated and palmitoylated while AfFLOTs were
not (Hemsley et al., 2013, Majeran et al., 2018). Both modifications were described to

differentially influence PM and endomembrane localization (Traverso et al., 2013). Moreover,
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we found a putative membrane-binding motif containing enrichment in basic and hydrophobic aa
residues (so called polybasic motif) in the very N-termini of all AfFLOTs and in several FLOTs
of other plant species. This motif seems relatively conserved in plant isoforms and it is not present
in AtHIRs suggesting that AtHIR and AfFLOT interaction with PM and/or other membranes is
indeed of a different mechanism. PM protein mobility was shown to be affected by lipid
composition. Plant PM is specifically rich in phosphatidylinositol 4-phosphate (P14P) which
makes it highly negatively charged and acidic (Simon et al., 2016). The putative polybasic motif
of AfFLOTs is prone to interact with the negatively charged PM by electrostatic interactions.
Reduction in PI4P content lowered the clustering of SfREM1.3 into microdomains within PM
probably due to the impeded interaction between the protein and the lipid (Gronnier et al., 2017).
Interestingly, we observed a lower degree of clustering in AfHIRS than in AfFLOTs. We speculate
that the presence versus absence of the polybasic motif in the both groups may be a possible
explanation. Experimental verification of the contribution of the described motif (e.g. by
generation of truncated versions of the proteins lacking the respective motifs or by mutation of
the basic aa within the motifs) or the investigation of the effect of PI4P level on AtFLOTs and
AtHIR localization (e.g. by using inhibitors of synthesis of PI4P such as wortmannin and
phenylarsine oxide or genetically encoded PI4P phosphatase SAC1 (Simon et al., 2016))
however remains to be carried out.

Interestingly, the observed difference in mobility of the subgroups is in contrast with the
published data, where N-terminally tagged AfFLOT1 was more mobile than AfHIR1 tagged at its
C-terminus (Lv et al., 2017b). We think that the position of the tag can greatly contribute to the
difference as it was shown for AfPIP2;1 and AfPIP1;2 where C—terminal fusion of the fluorophore
exhibited higher mobile fraction, the increase was about 50 % in one of the isoform (Luu et al.,
2012). As both A(FLOTs and AfHIRs are supposed to interact with the membranes by its N-
terminal SPFH domain and the lipidation sites of AtHIRs as well as the putative membrane-
binding motifs of AfFLOT are localized at the very N-termini we conclude that C-terminal fusion
is more safe with regards to a possibility of steric interference of the fluorophore with the
interaction between the protein and the membrane which could alter the natural behaviour of a
the proteins within the membrane. We assume that proteins with putative similar topology should

be tagged at the same manner (i. e. at C- or N-terminus) if they are to be compared.

Cytoskeleton roles in AtFLOT and AtHIR localization and dynamics

In addition to the prominent microdomain localization we observed another larger scale pattern
present in all isoforms localized at PM. Linear corrals lacking fluorescence signal were to a
various extend present in all tissues tested. In AfFLOT2 and AfHIR1 we demonstrate the

colocalization of such corrals with MTs or rather with MT bundles. Similar observation was made
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with more detailed focus where individual fluorescent foci were reported to be restricted in
movement by fine cytoskeleton network (Lv et al., 2017b).

We did not detect any apparent changes in localization pattern after the disruption of actin
of MT cytoskeleton in AfFLOT2, AtFLOT3 or AfHIR1, however a slight change in microdomain
density was reported in the literature after actin or MT depolymerisation due to reduced
endocytosis when measured using VAEM/TIRF imaging (Lv et al., 2017b). We suppose that our
confocal imaging may not be sensitive enough to reveal such smaller differences.

In Mt{SYMREM1 microdomains actin depolymerisation caused a decrease in density
while MT disruption had no effect (Liang et al., 2018) while in 4/REM1.2 microdomain pattern
was “dissolved” under actin depolymerisation and a decrease in density was observed under
disruption of MTs (Szymanski et al., 2015). The effect of the cytoskeleton proteins is thus

different even on related proteins and the intensity of such an impact can also be quite variable.

Low mobility of plasma membrane proteins

When compared with metazoan homologs plant isoforms of related proteins often exhibit much
lower mobility (Martiniere and Runions, 2013). This is also the case of FLOTs as HsFLOT?2
fluorescence recovery was rapid and reached approx. 80 % (Langhorst et al., 2007) which is in
great contrast with more than 90 % of immobile fractions measured in our study for AfFLOTs.

The values of FRAP reached for AfFLOTSs and AfHIRs are in fact far high even when
compared with other plant PM proteins. The published values of mobile fractions reach roughly
from 10 % to 90 % (McKenna et al., 2014). The latter value is achieved for A/LTI6b, a PM protein
with far highest lateral mobility to be found in the literature (at least to my knowledge).
Interestingly the A/P1P2;1 and AfREM1.3 expressed transiently in tobacco reached much higher
recovery than in stable Arabidopsis transformants (McKenna et al., 2014, Jarsch et al., 2014).
AtFLOTs and AtHIRs are substantially more immobile than other peripheral PM proteins
remorins (McKenna et al., 2014, Jarsch et al., 2014) their FRAP values are rather similar to
proteins such as AfPIPs, AfFLS2, APIN2 or GFP fused to GPI anchor (McKenna et al., 2014,
Luu et al., 2012, Martiniere et al., 2012), i.e. transmembrane proteins or a protein localizes at the
apoplastic side of PM. The mere PM localization or even transmembrane stretch does not qualify
a protein to be immobilized since lipidated GFP (anchored to inner PM leaflet) or A7LTI6b
(having transmembrane stretch) exhibit much quicker lateral mobility and higher recovery rates
(Martiniere et al., 2012).

Sterols were reported to be involved in PM protein mobility. Lower sterol amount in PM
resulted in decrease mobility of A/PIP2;1 (Li et al., 2011), AtRbohD (Hao et al., 2014), Af(FLS2
(Cuiet al., 2018) as well as AfFLOT1 (Li et al., 2012) and HsFLOT2 (Langhorst et al., 2007). On
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the contrary AfHIR1 was more mobile under alteration of sterol synthesis and the mobility was
not changed under sterol depletion (Lv et al., 2017b). In our study we did not see any striking
changes in localization pattern in neither isoform of AfFLOT or AfHIR, nor a change in mobility
of AfFLOT2 and AfHIR1 under sterol depletion. Due to very high immobility of AfFLOT2 in
control conditions (immobile fraction > 95 %) it is possible that a relative increase of immobile

fraction would be too low to be detected.

Cell wall interaction with AtFLOT2 and AtHIR1

CW impact on PM dynamics is intuitive and deductible from the observed differences between
plant and metazoan isoforms of PM proteins or from the discrepancies in the mobility of the same
protein localized at PM and endomembranes (see above). In the presented work we investigated
the alteration in lateral mobility under CW disruption in AfFLOT2 and AfHIR1.

Isoxaben (ISX), a cellulose synthesis inhibitor (Scheible et al., 2003) induced a small
increase in mobility only in AfHIR1 while epigallocatechin gallate (EGCQ), a pectin methyl
esterase inhibitor (Lewis et al., 2008) induced a small decrease of mobility in AfFLOT2. This
opposite effect points to the possibility that proteins may be functionally lined to different
components of CW. EGCG treatment has been recently reported to increase the mobility and
microdomain size of AtFLS2 and AfPIN3 and the same effect was described for, 2,6-
dichlorobenzonitrile (DCB) another drug disrupting cellulose deposition to CW (McKenna et al.,
2019). Similarly, ISX treatment increased the mobility of AfPIN2 (Feraru et al., 2011).
Interestingly, DCB and ISX affected the mobility of the same protein A7LTI6b in the opposite
way, the former induced an increase (McKenna et al., 2019) while the latter provoked a decrease
which was also observed in our study (Martiniere et al., 2012). Given that DCB impairs the
cellulose deposition by a different way than ISX (Tateno et al., 2016) it seems that it is not only
overall amount of cellulose in CW which is important for a given protein features but also putative
changes in CW microarchitecture (probably different under different inhibitors) may cause
substantial alterations.

Unlike in AfPIN2 (Feraru et al., 2011) and A¢PIP2;1 (Hosy et al., 2014) where an increase
of mobility was described under plasmolysis, i.e. the physical separation of PM from CW we
observed an opposite effect in both isoforms tested under strong osmotic challenging. However,
when mild osmotic treatment combined with partial CW digestion was applied we observed an
increase of mobility in subareas of PM detached to a various extend from CW which is in line

with the observation made in AfPIN2 (Feraru et al., 2011). Similar effect was induced by complete
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CW removal in protoplasts of 4fFLOT?2 reminiscent to the increase of mobility of GPI-anchored
GFP in protoplast (Martiniere et al., 2012).

It is important to take into account that all the reported proteins affected by CW disruption
mentioned in this section are PM transmembrane proteins some of which also possess a prominent
extracellular domain. This is not the case of AfFLOTs nor 4fHIRs which cannot directly interact
with CW as they are localized at the opposite side of PM. The interaction thus must be indirect.
Interactors of AfFLOT2, many of which are transmembrane proteins, have been described above
in this text. In addition to them, AfTBL36 is proposed as an interactor of AfFLOT2 and A(FLOT3
in Associomics (Jones et al., 2014, Dangk et al., 2016). The protein is a homolog of a protein
important for cellulose deposition to CW (Bischoff et al., 2010). ArHIRs were reported to
constitute a PM-localized complex containing several transmembrane proteins (Qi and Katagiri,
2009, Qi et al., 2011).

Another possibility is the connection through PM leaflets by interdigitation of long acyl
chains of lipids from the extracellular side where GPI-proteins (sterically interacting with CW)
stabilize these interconnected PM subregions within cytoplasmic side of which peripheral
proteins (such as AfFLOTs or AtHIRs) can be anchored. However, such a system has been so far
described only in metazoan cells (Raghupathy et al., 2015).

Finally, CW disruption induces a variety of physiological responses as it produces a
number of molecular patterns which can act as elicitors and also activates mechanosensing
pathways (Engelsdorf et al., 2018). As AfFLOT 1 mobility is enhanced by flg22 elicitor (Lv et al.,
2017b) and AtHIRs were found to bind lipoglycan elicitor (Vilakazi et al., 2017) it is possible that
CW alteration not only removes physical barriers for AtZFLOT2 and 4fHIR1 movement but also
release signalling agents that can contribute to the increase of mobility. To discern these two
possible effects, protein mobility could be tested under the treatment with CW-derived elicitors
or damage-associated molecular patterns such as oligogalacturonides (Bacete et al., 2018) or by
application of specific peptides described to impede metazoan cell adhesion which are in plants

reported to decrease the attachment of PM to CW (Gouget et al., 2006).
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Conclusions

In our study we find out that transcription of A¢tFLOTs is upregulated in response to Botrytis
cinerea, flagellin or cold and decreased under salt treatment. Interestingly, more than one isoform
reacts to a given stimulus which suggest possible redundancy of AtFLOTs in response to such
cues. This redundancy can also explain the lack of phenotype in single loss-of-function mutants
of AtFLOTs in our screen comprising salt treatment, phosphorus and nitrogen starvation, infection
with Pseudomonas syringae and Botrytis cinerea, treatment with bacterial elicitors or auxin and
abscisic acid. By Co-IP/MS analysis we revealed proteins interacting with 4AfFLOT?2 that are
mainly involved in transport, water stress response and pathogen interactions which to a certain
extend correspond with the transcription changes induced by such treatments in our phenotype
screen. Finally, we focused on the localization pattern of AfFLOTs and 4fHIRs using confocal
microscopy. We observed PM microdomain localization of all the isoforms except AfHIR3 which
was present only at the tonoplost. Minor tonoplast localization in addition to predominant PM
localization was however revealed to be shared in AfHIRs and AtFLOT1. Proteins at PM from
both groups were very stable, however AfHIRs were generally slightly more dynamic than
AtFLOTs as determined by FRAP approach and analysis of kymograms. We suppose that these
differences between the two groups in localization and dynamics may be attributed to their
putative distinct ways of association with PM. PM microdomain defined by proteins from both
groups are excluded from the linear corrals in PM surface. These corrals colocalize with MTs,
however MT or actin destabilization does not affect localization pattern of AfFLOTs and AfHIRs.
Increase in mobility of AfHIR1 and ArFLOT2 was observed under pharmacological or alteration
or enzymatic digestion of CW. CW thus affect the mobility of PM associated proteins that are not
in direct contact with it as both AfFLOTs and AfHIRs are inner leaflet peripheral proteins. Proteins
from both groups can be therefore involved in processes taking place at the CW/PM interface. As
CW alteration can be perceived as stimulus to a certain level resembling a pathogen attack and
with respect to observed transcriptional changes under pathogen or elicitor treatments as well as
to the determined protein interactors of A/FLOT2 involved in plant-pathogen interactions it is
possible that the effect of CW disruption on AfFLOT2 and AfrHIR1 mobility at PM may be a

manifestation of their role in such processes.
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