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Abstract

TCTRs aconservedeukaryotic protein involved in regulation afultiple cellular processes, such as
translation, cell cycle and cell deatApart from its intracellular functions, TCTP is secreted and
participates in human immune response. Dimerization i@rainal cysteine residue is critical for its
extracellular function.Multiple sequence alignment of eukaryotic TCTPs revealed that terminal
cysteine residue is conserved not only in animals but also in greenlipleage In contrast to animal
model orgaisms, knowledge about TCTP in plants is limifgdbidopsighaliana genome harbors
two TCTP paraleg TCTPXnd TCTP2TCTPZEXxpression is highly upregulated in polldfreviously
published studiepointed to its role irembryo developmentpollen tube growth andargeting Using
mutant characterization and analysis of subcellular localizatl@role ofTCTPin plant reproduction
was investigated in this thesiRecombinaniArabidopsis thaliand CTP protein was prodeed along
with its potential interacting partners BRL2 and TTL3 in heteroloBseleerichiacolisystem tctp-1 T-
DNAline characterizatiorpointed to TCTPZXole in pollen tube growthlt was expressed in mature
pollen and pollen tube under native promotand localized to the cytoplasm. RecombinattCTP1
formed dimersn vitroandmutation of terminal cysteine residuahibited dimer formation, suggesting

a similar dimerization mechanism in animal and plant TETRure experimentwill show if TCTP1

dimerization is important for its function in plant development and physiology.
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List of abbreviations

ABA abscisic acid

ATS alkaline treatment solution

cDNA complementary deoxyribonucleotide acid
CDS coding sequence

Col0 Columbia0

DAPI 2-(4-amidinophenyB1H-indole-6-carbaximadine
dHO distilled water

dNTP deoxyribonucleotidephosphate

DTT dithiotreitol

ER endoplasmigeticulum

gDNA genomic deoxyribonucleotide acid

GDP guanine dinucleotide phosphate

GEF guanine nucleotide exchange factor
GFP green fluorescent protein
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GUS i -glucuronidase

HAP hours afterpollination
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HRP horseradish peroxidase

IMAC immobilized metal affinity chromatography
IPTG isopropyt -D-thiogalactopyranoside
MBP maltose binding protein

MD molecular dynamics

NMR nuclear magnetic resonaac

PCR polymerase chain reaction

PMSF phenylmethylsulphonyl fluoride

RNAI RNA interference

rpm rotations per minute

SDS/PAGE sodium dodecyl sulphate polyacrylamide gel elepghoresis
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YFP yellow fluorescent protein
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Introduction

Even thoughhe ability of plants to reproduce sexually was discovered more 48@years agoplant
reproduction is still a highly researched topic. Two phases alternate in plant life @gcltiploid
sporophytic and a haploid gametophytic phastale gametophyte in angiosperms consists of only
three cells. Yet its development is a complex process that involves the cooperation with sporophytic

tissues and female gametophyte.

A previous study in Laboaty of Pollen Biology revealed that secretion of a wgethserved eukaryotic
protein called translationally controlled tumor protefRCTPWas highly upregulateith tobaccopollen
tube after its germination on stigméHafidh et al., 2016bHomologous proteidtTCTP1 was identified
in model speciegrabidopsis thalianadnalysis ofctp-1 T-DNAline pointed to its possible role in male
gametophyte developmenBerkowitz et al., 2008 Mutant characterization wathus pursued in our
laboratory and indicated a rolef TCTPin pollen tube guidanceOur key objective quéien is:Does
TCTP1 heze a function in pollen tube guidance and what are its interacting partneml®tential
interactorsof male expressedCTP1 in a pollinated pistil were identifiedabyo-immunoprecipitation
experiment. Multiple sequence alignment of &aryotic TCTPs uncovered that terminal cysteine

residue critical for dimerization in human TCTP homolog is conserved in green plant lineage.

In the first part of this thesis, TCTP1 functiarmodel specie#\rabidopsis thalianas investigated,
using mutat characterization and analysis of its subcellular localizatidhamale gametophyte. In
the second part, heterologous bacterial protein expression is utilizedetify if TCTP1 can self

associate and if it interacts with selected candidates BRLZA drRin vitro.



Goals of tlk thesis

1 Phenotypic characterization oftp-1 T-DNA insertion line with focus on pollen tube growth
and guidance

1 Analysis of subcellular localization of TCTPArabidopsis thaliananature pollen and pollen
tubes

1 Optimization of recombinarAtTCTP1 expressionkn coliand its purification

9 Verification ofAtTCTP1 dimerizatian vitro

1 Recombinant expression of selected potential TCTPL1 integapartners BRL2 and TTL3 and

in vitro pulkdown experiment



Literature review

Male gametophyte development

Male gametophyte developmems a complex process whichn be divided into a developmental and

a functional phaséHafidh et al., 2016apevelopmental phase takes place in the stamen and leads to
the formation of a mature pollen grain. The functional phase is initiated as soon as a pollen grain lands
on a receptive stigma. It germinates and a pollen tube grows through female sporophstiestis
towardsovules.As it reaches the female gametophyte, it bursts and releases the gametes to ensure
successful fertilization. In this section, both phases of male gametophyte development are briefly

introduced.

Developmental phase

Thelife of a male gametophyte beginstime anther, which is a part of a flower organ called stamen. A
microsporemother cell undergoes meiotic division to produce four haploid microspores in a tétrad.
some plantspecies microspores remaijpined in a térad throughout their developmenuntil they
are transferredonto a stigma for exampleErica sp(Sarwar and Takahashi, 20140 Arabidopsis

thaliana, individual microspores are released from the tetrad.

Prior to the first mitotic division (pollen mitosis | or PMI), microspore becemelarized.Smaller
vacuoles are joined in a single vacuole amel hucleus migrates tthe germ cell poleMutants with
an impaired microspore polarization (suchgasnini pollenl (gem1pxhibit decreased gametophytic
transmission (Park et al., 1998)Proper microtubuleorganizationis implicated in microspore
polarization. Polarized microsporalivides asymmetrically into a larger vegetatigad a smaller
generative cell givingrise to two distinct cell lineagesNovel regulators of PMI are emergirand

broaden our knowledge about genetic regulation of the pro¢€¥s et al., 2020)

The gnerative cell dividesymmetrically in the second mitotic divisi¢mollen mitosis Il or PMII) into

two male gametescalled the sperm cell In 30% angiosperms includidgabidopsis thalianaPMII

takes place in the anthgiBrewbaker, 1967)In remaining 70% flowering plantkie generative cell
divides after germinationVegetative celand sperm cellsare sgecializedin different functions This
functional distinction is reflected itheir epigenetic and transcriptomic profile ekgetative celbnd
sperm cel(Borges et al., 2008; Borg and Berger, 200B)ereaschromatin is highly condensed the
sperm cell it is rather diffuse in theregetative cellmRNAtranscriptsencoding proteins involved in
pollen tube growth accumulate in cytoplasmic granules and can be quickly utilized after germination

(Honys et al., 200Prior to maturation and release from the anthers, pollen undergoes dehydration.
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Mature pollenhas a uniqueell wallstructurecomposed of two layers a gametophytederived intine

and a sporophytalerived exine. Intine composition is comparable with sporophytic primary cell wall
and contains cellulose, hemicelluloses, pectin, and cell wall associated proteins. Two layers can be
distinguished in the exine a nexine composed mainly of arabinogalactan proteimsl a sexing¢hat
contains the sporopollenin. Pollen cell wall components are deposited at specific timepoints during

the developmental phase (summarizeddascallares et al., 2020)
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Figurel. Developmental phase of male gametophyte developme#itdapted from (Honys et al., 2009). Pdvollen
mitosis |, PMI¢ pollenmitosis Il

Functional phase

When a pollen grain landand adheres tahe stigma it needs to be hydratedaind metawlically
activated Apart from a selincompatibility response present in some plant spe¢@snmarized in
Fujii et al., 2016) plants possess a basal compatible response path(imucet et al., 2016)
Communication between pollen and stignis crucial in this procesMolecules on pollen surface
mediate the interaction with papil cells.In turn, cellular responses are initiated in the stigriar
example PCPBs (Bllen coat protein Blass peptides) class of cysteine rich peptide®sent in the
pollen coat arecritical for pollen hydration(Wang et al., 2017)Jpon compatible pollinationtheir
interaction with receptor kinases ANJ (ANJEA) and FER (FEROMH®ed in papilla plasma
membraneleadsto a decreasen levels of ROS (reactive oxygen spedieshe papillag(Liu et al.,
2021a) In addition, actin cytoskeleton undergoes a rearrangement and concentrates arbend
contact site with the pollenRozier et al., 2020Secretory vesicles fuse with the papilla plasma
membrane at the contact site and release cargo to promote hydrai®davian and Goring, 2013)
Calciumis exportedvia an ATPase punfpm the papillacell (Iwano et al., 2014Emerging pollen tube

penetrates papilla cell wall and grows through the apoplast to the ovary.

Along with root hairspollen tubespresent auniqguemodel system to studynidirectionaltip growth.
Growth of both root hairs and pollen tubes is impairadipl mutant, which suggestsexistence of

somecommonmechanismsn these systemgSchiefelbein et al., 1998pllen tubecytoplasm is highly

11



polarized anaellularprocesses are fmlized tatstip. Threeregions can béistinguishedn a growing
pollen tube¢ a nongrowing shankcontaining sperm cells anithe vegetative nucleus, a subapical
region rich in organellesand a growing apewith a so-called clear zone.HE clear zonecontains
numerous vesiclethat form a domelike structure (summarized iklepler and Winship, 2015)hese
vesicles fuse with plasma membrane and release cargo requirqubflen tubegrowth, such as cell
wall componentsExocytosis is polarly localizéd the tip by the exocyst complefBloch et al., 2016)
Vesicle transport is mediated by actin cytoskeletiaterial is secreted in excess and the process of
endocyosis maintains a dynamic balance at the fell wallmust remain intact until pollen tube
reaches the micropyléds a pollen tube expands, cell wall experiences mechanical stress and new cell
wall material needs to be incorporatedlutation of genesinvolved in cell wall integrity signaling
pathway typically leads to premature pollen tube bufigtecchia et al., 2017RAPID ALKALINIZATION
FACTOR4 (RALF4) and RALF19 are expressed in the pollen tube andtsatretadl walllong with
LEUCINRICH REPEAT EXTENSINS (MeEshia et al., 2017; Fabrice et al., 20IB)ey interact and
bind to receptor like iase in pollen tube plasma membrane to activate downstream signaling
pathways (summarized irVogler et al., 2019)Activity of other keyplayers inpollen tubegrowth is
modulated, including ROP (RHO OF PLANTS) GTPas€Rakkes and €ahannelslon dynamics is
critical for pollen tube growthFor example, mtations in H ATPases (AHA6, AHA8 and AHA9) result

in pollen tube growth defest and decrease in transmissifioffmann et al., 2020)

On the way from stigma to thmicropyle of arowule, a pollen tubeneeds to pass througmultiple
tissues:transmitting tact, septum epidermis and funiculus. Extensive communicatitth female
tissues guides the way of a growipgllen tube An example of a chemical sigmecting the pollen
tube is concentration gradient eéfaminobutyric acidPalanivelu et al., 2003passage through stigma
and style confers competercon polén tube to respond tavular guidance signal@Palanivelu and
Preuss, 2006)Transcriptomeand secretome opollen tubes that passed through gtha and style
differs largely from pollen tubes germinatédvitro(Qin et al., 2009; Hafidh et al., 2016Bjansmitting
tract consists of cells that secrete extracellularatrix rich in glycoproteins, glycolipids, and
polysaccharideand undergo programmed cell death. Proper transmitting tract developrisecrucial
for pollen tube growth(Crawford et al., 2007At some pointa pollen tubeneeds to turn towards an
ovule and grow on the surface of a funiculus towards the micropy3 mpk6&double mutant pllen
tubes do not turn towards the ovules but can normally target ovules in a-semivo assayGuan et
al., 2014) MPK3 and MPKG®6 thus play a role in funicular but not in micropylar guidawldéis sensible
to distinguish these two phase®n the other hand, LURE peptides secreted by the synergid cell and
perceived byPRK®6 receptor kinase in the pollen tube participate in both phése<t al., 2021b)As

12



a pollen tube passes through micropydemmunication with synergid cell leads to its burst and release

of sperm cells, which fuse with the egg cell and the central cell.

13



Translationally controlleimor protein

Translationally controlletlmor protein (TCTP) was discovered as a protein encoded by an abundant
untranslated mRNA imurinetumor cells(Yenofsky et al., 1983Yarious names are used in literature

to describe TCTP e. g.P23, fortilin, HRFHstamine releasing factor) or N1 (Microtubule and
mitochondriainteracting protein 1) Throughout tisthesisthe term dTranslationally controlledumor

protein (TCTE)is used exclusively.

TCTFhomologshave beenidentified and characterized in various eukaryotic organisms, including
plants.It has become clear that TCTP is a multifunctional protein regulatang/cellular processes.

However, information about itprecisemolecularfunction is still lacking.

Inthis section,| would like toreview a few chosen aspects of TCTP structure and funiib afocus

on plant TCTP$ will address$ollowing questions:

1. Whatcan be inferred from evolution of TCTP farnily
2. How conserved are TCTP functiondifferent eukaryotic organisms?

3. Why is it interesting to study TCTP in male gametophyte development?

Evolution of TCTiRamily

TCTP genes in eukaryotic genomes

A recent study analysetie phylogeny off CTRjenegKoo et al., 2020No TCTP homologs were found
in either Archaeaor Bacteria 533 candidate genes froli77 eukaryotic species were identifiethe
number of TCTRJenes in an organismliseage dependentMost fungi, protozoanandinvertebrates
carry a singleTCTRyene. In contrastmultiple TCTRparalogsare presentin mammalian and plant
specieslt is moteworthy that no TCTFhomolog has been identified in genomes of some eukaryotic
organisms, such ahlamydomonas reinhardti D dzii AGRlIdENGSet al., 20147 his might be due to
technical limitations in genome sequencing or a los§@TRyenes. In the latter case, other proteins

are thought tosubstitute TCTP function§ D dz{i AGaIéENG=t al., 2014)

Multiple TCTPparalogs in mammals and plantgere already documented in previous studies
(HinojosaMoya et al., 2008)along with speculations ofa possible subfunctionalization or
neofunctionalizationé D dz{i AGRIdENGSdt al., 2014For example TCTPparalogs CsTCTPand
CsTCTR2n Cucumis sativukavedifferent functions in defense response 8phaerotheca fuliginea
(Meng et al., 2018Arabidopsighalianagenome harbors twd@ CTRjenes AtTCTPand AtTCTPRwith
different expression profiles and low redundar{@pscaneMorales et al., 2015Higher copy number
of TCTRyenes in plants and mammaldlikely a result ofwhole genome duplication in these lineages
(Koo et al., 2020)
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Protein sequence conservation

Multiple sequence alignment of TCTP protein sequenmenvers which parts of the sequence are
conserved andvhich arevariable. Regions with higlsequence similarity might be important for
function in different organismd$kemarkably, nearly 9% of TCTP amino acid residues/ahaionary
conserved(HinojosaMoya et al., 2008)Two regionsare marked as signature pattersfor TCTPs on
PROSITE databagtps://prosite.expasy.org). These aremamed TCTP1 (corresponds to-88E in
human TCTRANd TCTP2 (129F51Y)(Figure2A). TCTP3 profile represents the wbada'CTP domain

Interestingly there is a TCTP homolwa unicellular algal specidgamochloropsis oceanidaom the
Eustigmatophycea&amily that lacks both TCTP1 and TCTP2 pattddas CTP has onBB8% identity
and34%similarityto human TCTRA(TCTP1 ha@8% identity and6% similarity taHsTCTPput retains
some of conserved TCTP functigiso et al., 20155equences of plant TCTP homologs display 70.2
95.2% identity and 80-98.2% similarity, which suggests high conservatigiayit TCTP structure and
possibly functiord D dzii AGRIeENG® al., 2014)

Structure conservation

TCTP structure has been experimentally solved in various organisms, incatiimgsaccharomyces
pombe (Thaw et al., 200]1)Plasmodium knowlegiVedadi et al., 2007)Plasmodium falciparum
(Eichhorn et al., 2013), aldéarmochloropsis ceanica (Yao et al., 2019Mus musculu® 5 2 NB S
2018) andHomo sapienfFeng et al., 200Busini et al., 20085 2 N5 S (i EkperimEntaksiuatyre @

of a plant TCTP has not yet been reported in literature.

First experimentally solved structure thie fission yeast homolog contains fouhelices(H1-H3), four

i strands(sA-sD)and a disordered loofFigure2B) (Thaw et al., 2001 Sheets A and B form abarrel

like centralstructurethat packsH1 and H3 on opposite sides. H1 helshisrter (5 amino acid residues)
than H2 and H3 helices, which feanh -helical hairpin. Sheet C protrudes from the globular structure

and anchors thdlexibleloop. Sheet D is a shorter extension of sheet A.

TCTP1 signature pattern maps on tthieorderedloop region Nuclear magnetic resonanc&iR
experiments andnolecular dynamicéVD) simulations point to a great flexibility of the logMalard
et al., 2018) Remarkably, it can extend up tebarrel core domain and contact TCTP2 signature
pattern. Calciumbinding influencedlexible loop conformation and might impact TCTP functitme

flexible loop is known to be functional TCTRegulatedimmune responsélLee et al., 2020)

TCTRequenceslo not show any similaritip other known protein familiesNevertheless, -barrel like
structure in fission yeast TCT® similar to a human protein RABIF (Ratleracting factor)/MSS4
(Mammalian suppressor of Seq@haw et al., 2001)n mammalian cells, RABIF is involved in vesicle

trafficking and positively regulates stability of selected Rab GTPases involved in the exocytosis

15
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(Gulbranson et al., 201.Mterestingly, interaction oArabidopsis thalian& CTP1 with 4 Rab GTPases
was confirmed in a bimolecular fluorescence complementation experim@nioudes et al., 20l).

Biological relevance of these interactions is unclear.

A vorcre

ALTCTP
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PKTCTP
PETCTP
DATCTP
CeTCTP
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MoTCTP
ALTCTP
OsTCTP
PLTCTP
PKTCTP
PETCTP
pdTCTP
CaTCTP
ScTCTP
SpTCTP
AETCTP
DvICTE
PxTCTP
DrTCTP
SsTCTP
MmTCTP
HsTCTP
PDB ZHRS

Schizosaccharomyces pombe
Plasmodium knowlesi
Nanochloropsis oceanica

Homo sapiens

Figure2. TCTP in evolutionary perspectiv@) Multiple sequence alignment of TCTP sequences from various euka
organisms.Human TCTP secondary structure and TCTP signature pattees the sequencegB) Experimentally
determined structure of Schizosaccharomyces pombe. H&liPes are marked green, sheets are marked red and Ic
are marked cyan(C) Comparison of experimentally determined TCTP structures of Schizosaccharomyces

Plasmodium knowleshanochloropsisoceanica and Homo sapiemsdapted from(Yaoet al., 20D), protein structural

modelsvisualized in Chimera

No-Nannochloropsisoceanica; At Arabidopsis thaliana; G8ryza sativa; PPopulus trichocarpa; PRasmodium
knowlesi; PfPlasmodiumfalciparum; Dd, Dictyostelium discoideum; C@enorhabditiselegans; ScSaccharomyces
cerevisiae; Sphizosaccharomycgsombe; Af Artemia franciscana; D\Drosophila virilis; PX¥Plutella xylostella; Dr
Danio rerio; SsSus scrofa; MaMusmusculus; HdHomo sapiens
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Even though the overall fold of TCTP is well conseRigdre2C) structures of TCTP homologs from
different organisms vary in number of defined helices and sheets (Yalq 8019). These differences
might reflect in TCTP functienTCTP homolog iRlasmodium knowlegiontains an extra helical

segmenton N-terminus(Vedadi et al., 2007}t is speculated that this helix might distort the structure

of GTPase binding pocket in its proximity and hamper interactor bir{tiimgpjosaMoya et al., 2008)

TCTP dimerization

Dimerization ad/or oligomerizationcan be important for protein functiorSelfassociation of TCTP

was first discovered ithe rat homolog(Yoon et al., 2000Most reported TCTP solution structures are
monomeric(e. g.Thaw et al., 2001)A recently reported alution structure for a dimeridtHsTCTP

contains an intermolecular disulfide bond between C172 residaes 2 NB S . TICTPPY H A M
dimerization by a disulfide bond is necessary for its function in immune resgiirseet al., 2009)

The fexible loop region and H2 helix are critical for dimer cytolike activity (Leeet al., 2020)

Interestingly AtTCTP1 associates wiisT CTP and with itself in a bimolecular fluorescence experiment
(Brioudes et al2010) This result indicates a possibly conserved mechanism edssdfciation in plant

and animal TCTP homologs

TCTP functions and interactors

Regulation of translation

Using yeast two hybrid screen, interaction of human TCTP with components slitianal machinery
was uncovered in two independent studiéSans et al., 2003.angdon et al., 2004). TCTP directly
interacts with elongation factors eEF{8anst al., 2003 and eEF1B(Cans et al., 2002 angdon et
al., 2004).They arepart of elongation factor eEF1 complex, which brings amined&iyAs to the
ribosome during translatiofsummarized irXu et al., 2022 eEF1A is a GTPase that binds amineacyl
tRNA in a GTFBound state.After proper binding to the ribosomebound GTP isydrolyzedto GDP.

GDP must be released for GTP binding and another elongation cycle to &EFitB is a guanine

nucleotide exchange faot required for GDP releadeom eEF1AIn yeast,ii O2yairada 2F | (
ddzodzy Al YR | t.2BotNIHubidzAE dresent infadbatiafd plant eEF1B along with
Fy2GKSNI OF GFf8GAO &dodzy Al I Ay FyAYFEa FLyR + Ay

Human TCTP preferentially binds to eEFiba GDP bound state and stabilizefdans et al., 2003)
Furthermore, TCTP hinders guanine nucleotide exchange activity of efF&l® et al., 2003JCTP
interacts witha @ SNXYA Yyl f OSYGNlf FOARAO NBIAZ2Y o/ ! w0 R2YI
Wuetal 2015.h-KStf AOFf f22L) 0 KSt A OS darreliike tose Bomhimmedidtey R 2 Y S
0KS Ay dSNI OlA 2 yWwaeal i2018)ResiduasicriticalS® «ERMLB bindingameserved
Ay ¢/ ¢t d (GKNRdzZAK2dzi Sdzl F NB2(GSad dofdtdina GARNGNGIn O G I
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with conserved amino acid residugnportant for TCTP bindingd:issionyeastSprCTP interacts with
SS9Cwm. h | yR | Nan@idropsis RoeddiSaNIE BPyiriteracts witNoed C m, which

pointsto a highly conserved role of TCTP in regulation of translation elongation.

Cell cycle regulation
Indications of TCTHRvolvement in regulation of the cell cycle come from the studieIGTR in

Arabidopsis thaliangBrioudes et al., 2010)Leaf blade area in seedlingsth silencedAtTCTP1
expressioris significantly reduced in comparisonvidd type plantsAsthere are no differences in cell
size, the reduction of leaf area is caused by a decrease in cell division rate. Knockd@iri?ofBY 2
tobacco cells further supports TCTP role in cell cycle regulation-NRIN&IBY 2 cells are significantly
delayed in ell cycle progression in comparison to WT. In addition, this delay is reflected in the

expression of cell cycle marker genes.

Molecular mechanism off CTPfunction in cell cycle regulation has be@mvestigated. AtTCTR
physically interacts with a suburot COP9 signalosome compl&xCSN4 (COP9 signalosome subunit
4), to regulate G1/S transition in cell cy{Betschet al., 2019) COP9 complex regulates the activity of
CRL (CULLRING ubiquitin ligases by neddylation, which is a posttranslational modification. CRL are
E3 ubiquitin ligases known to be involvedhe regulation of cell cycle. The interactionAfTCTP with

AtCSN4 promotes CUL1 neddylation and the progression of cell cycle.

Remarkably,TCTP function in cell cycle regulation and its molecular mechanism are conserved
between plants and animalsDrosophila melanogasteDmTCTPexpression complements cell
proliferation defects irArabidopsis tctposs of functiormutant and vice verséBrioudes et al., 2010)

CUL1 neddylation status isstlirbed in individuals with silencddmTCTIh fruit fly.

CGalcium binding pnoerties
TCTP was first discovered to bind calcium in a screen for novel cditiding proteins in

Trypanosoma brucgHaghighat and Ruben, 199&)alciurdbinding property has been confirmedr
examplein human (Sanchez et al., 199Tantrell et al., 2022)at (Kim et al., 2000), thale cress
(Hoepflinger et al., 2013) aubber treehomologs(Li et al., 2013)However, there are contradicting
results in literature for mode of calcium binding and its binding(s)ten TCTPWhile some studies
suggest the presence of higfifinity calcium binding site€Sanchez et al., 1998thers report binding

sites with a low affinit{Feng et al., 2007[xperimental data support the idea that there are multiple
calcium binding sites on TCTP (Graidist et al., 2007 pdsmsble thathesesites vary in their affinity
towards calcium (Graidist et al., 2007). Indeed, different TCTP regions have been shown to bind
calcium.First attempt to map a calcium binding region on fragments of rat TCTP identified amino acid
residuesd1-112 (Kim et al., 2000). This result could not be replicatedunther study (Graidist et al.,

2007). Instead, E55 and E58 residues were shown to be crucial for calcium biingisg.residueke
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in the flexible loop regionNMR structural studynappeda weak lowaffinity calcium binding sitéo
N131, Q132 and D150 residues (Feng et al., 2@0icentMDbased studyetected seven potential
calcium binding site@Malard et al., 2018)

Thee are indications in literature that calcium binding is important for TCTP functiéiofsgxample,
TCTP prevents Ealependent apoptois in U208uman cell line¢Graidist et al., 2007 Another study
suggestI CTRs involved in placental calcium transp@frcuri et al., 2005)

Programmedcell death regulation
TCThegatively regulates cell death mammalian cellines(Li et al., 2001)Similar results have been

obtained for yeas(Bischof et al., 20174gnd gant TCTP homolodsloepflinger et al., 2013Human
TCTP interacts with proteins involveduiltiple apoptotic pathwaysviDM2, MCL1(induced myeloid
leukemia cell differentiation protein Mdl), BCEXLand IREL".

MDM2 (also known as HDM?2) is an E3 ubiquitin ligase that integstresssignals and regulatd?53
stability. P53is a welknown tumor suppressor that influences countless pathways and functions in
the cell, includingapoptosis(summarized irLevire, 202Q. TCTRlirectly interacts with MDM2 and
increases MDMz2nediated ubiquitination ofP53(Amson et al., 2012} -helical loop mediates the
interaction of TCTP with MDMEunston et al., 2012Jt is noteworthy thafP53acts as a transcriptional
repressor of TCTRuggesting the existence of a regulatory feedback loop betvESand TCTP
(Amson et al., 2012As noP53homologs have been identified in plants, conservation of this TCTP

function is unlikely.

MCL:1 and BCEXLare members of theB cell lymphoma ZBCLE2) family. Proteins belonging to this
family can have either pr@poptotic or antiapoptotic activity(Warren et al., 2019)Theirinterplay
regulatesthe intrinsicapoptatic pathway which involves cytochrome c release from the mitochondria
and activation of downstream caspase pathway (summarizediraz et al., 2016 Anti-apoptotic
function of TCTP was indeed shown to occur at the mitochor{@uaini et al., 2008 -helical loop
(helices H2 and H3) are structurally similar to H5 a@dhélices of BCR family proteingSusini et al.,
2008) Mutation in H2 and H3 helices of TGlIRurbsits antirapoptotic function.

MCL:1 was found to delay induced apoptosis in hamster ovary aallsis considered an ardipoptotic
protein (Reynolds et al., 1994)nteraction of TCTP withICl-1 stabilizesMCI-1 and prevents its
ubiquitin-dependent proteasome degradatighiuet al., 20%).

N-terminal region off CTknteractswith anti-apoptoticBCEXLprotein (Yang et al., 2005nterestingly,
multiple sequence alignment uncoveredputative BH3 domaiim this regiond ¢ KSo I dzf (. S

Upon bindingo a hydrophobic BH3 groove BCEXLprotein, amino acid residues DA&7 refold into
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I i K NB-BelixiBumhidg of TCTP BCEXLenhances its antapoptotic function in hinderin@AX
mediated mitochondrial membrane permeabilization. This might explain results of a previous study
that revealed TCFmRduced inhibition of BAXinduced apoptotic activity without their direct
interaction(Susini et B, 2008)

BCL2 homologs have not been identified in plakiswever, overexpression of mammalian BAX can
induce programmed cell death in plant tiss(fawaiYamada et al., 2001The core mechanism of
programmed cell death may thus be conserved in plants and anid@I€TP1 reduces cell death in
Nicotiana benthamiandeawes cotransformed with murine BAXwhich could suggest conserved
function of TCTP in this proce@doepflinger et al., 2013) Interestingly, a TCTP homolog from a
parasitic nematodeMeloidogyne enterolobiireduces cell death in BAKansformed Nicotiana
benthamianaleaves(Zhuo et al., 2017Authors of the study speculateat MeTCTP suppresses plant

immune response to promote infection.

In stress conditions, unfolded proteins accumulate inghdoplasmic reticulum (ER).agter regulator

GRP78 (also known as binding protein BiP) dissadfiate transmembrane proteins IRE1, PERK and

ATF6 which leads to their activation and triggers unfed protein response (UPR) (summarized in

Hetz and Papa, 2018)PR signaling pathway converges ondescribedntrinsic apoptotic pathway.

Human TCTP directly binds to ulitpusly expressed IRE1 | YR A Y KA 0 A (i a(Pidkde T dzy O
et al., 2017) TCTP thus protects cells from-BRdiated apoptotic pathwayRemarkably, IREL the

only UPR branch conserved in plant, yeast and animal lingbigdien, 2013) This suggests a possible
conserved function of TCTRITCTP1 overexpressedNitotiana benthamiandeaves indeed protects

cells from UPHduced cell deatl{Hoepflinger et al., 2013)

Interaction with the cytoskeleton
Analyzingts subcellular localization, TCTP was found in molecular complexes with tubulin in extracts

from human HelLa cell§Gachet et al., 1999Associationof TCTP with microtubular cytoskeleton in

monkey COS cells depends on the phase adll cycle.

TCTRmmuncstainingcolocalizes with microtubulda the interphasgGachet et al., 1999 studyon
Xenopus laevi¥L2 cell line confirmed only partial colocalization oFF @ith microtubule cytoskeleton
(Bazile et al., 2009)Apart from colocalizing strands, TCTP forms filzer structures that do not
colocalize withi -tubulin. However, TCTP network is dependent on the integrity of microgubul

cytoskeleton Applicaton of colchicindeads to changes ithhe TCTP network.

h-helical loop region of TCT@mino acid residues 7B23) shows sequence similarities to a
microtubule associated protein MAEB(Gachet et al., 1999This stretch of amino acidsbslievedto

be necessary and sufficient for TCTP binding to tubstifated from a cell extracHowever, here are
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contradictingresults inliterature. According tdBazile et al(2009) neither recombinant nor native
XITCTP hae any detectable affinity fo taxolstabilized microtubules in vitrdlhe interaction of TCTP
with microtubules might be indiredtlaglarz et al., 2012)

Inthe mitotic phase TCTP colocalizes with the mitotic spindjeto the anaphaséGachet et al., 1999)
Its associaibn with centrosomedas been confirmedh different animakpecieqJaglarz et al., 2012)
From anaphase onward, TCTP localization displays a diffuse pdGachet et al., 1999)A
serine/threonine Poldike kinase RLK is involvedin metaphaseo-anaphasechange of TCTP
localization(Yarm, 2002)PLKphosphorylates TCTP on S46 and S64 residdatation of these
phosphorylation sites ults in mitotic defectsThis suggests thimportance offCTP phosphorylation
by PLKnN mitotic cell divisionln addition, PLiKhosphorylation plays a rola meiotic divisiorof murine

oocytes(Jeon et al., 2016Phosphorylated TCTP promotes spindle depolymerization.

RecombinantAtTCTP interastwith microtubules in vitro(YongMin et al., 2012) This interaction is
increased by the presence chlcium. TCTP plays a role in microtubule depolymerization in ABA
(abscisic acidilependent stomatal closure. ABAduced microtubule depolymerization is accelerated

in plants overexpressing TCTP in comparison to coftoaiy knowledgel CTP subcellulbrcalization
during cell cycle has not been investigatedplant cellsbefore. PLKphosphorylation sites are not
conserved in plant TCT&sd PLKomologs are not present in land plants. THairctionwas probably

acquired by different proteins, possibfWJRORAKinase paralog€Okamura et al., 2017)

Much less is known abotte interaction of TCTRith actin cytoskeleton. TCTP colocalizes with actin
in XL2 cell¢Bazile et al., 2009There is a regiom TCTRvith primary sequence homolggo cofilin
(Tsarova et al., 2010Yhis region containsiasheetafter the flexible loop and a part of helix 2.
peptide with this sequencéinds to Gactin and competes for actin binding with cofilin. A possible

interaction of TCTP with actin cytoskeleton would deserve more attention.

Regulation oTOR pathway

TARGET OF RAPAMYCIN (TOR) kinase is an evolutionary conserved protein imegiviadion of
cell growth proliferation,and metabolismInanimals it forms two complexenTORC1 and mTORC2
activatingdistinctpathways(summarized irLiu and Sabatini, 2020)CTP is reported to be involved in

regulation of both pathways.

MTORC1 complex activateglownstream pathway which leads to increased translation, synthesis of
lipids and nucleotles.RHEERas homolog enriched in braifiyectly binds to TOR kinase and activates
MTORC1 pathwayong et al., 2005As asmallGTPase, RHEB exists in an activel§®liRd state and

an inactive GDBound state.The tuberous sclerosis complex (TSC) consisting of TSC1, TSC2 and

TBC197 subunitkas a GTPase activating activity towards RHEB and negatively regulates mTORC1
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pathway(Inoki et al., 2003; Dibble et al., 201PmTCTPwas shown to interaclvith RHEB and act as
its guanine nucleotide exchangkctor (GEF)JHsu et al., 2007)GEF activity towards RHEB was
confirmed forHSTA'P(Dong et al., 2009 he residues E12, K90 and E138 in TCTPetieved to be
critical for RHEB bindinglowever, these results could not be replicated in other stu@ges).Wang

et al., 2008. Contrasting results could mossiblyexplaned by usage ofdifferent model systemsr
very weak interaction between TCTP and RiB®hg et al., 2009Multiple studiessuggest that
MTORC1 pathwaggulatesT CTRtability (Bommer et al., 2017; Jeong et al., 2Q24hich points to a
feedback loop regulation between mTORC1 and TCTP

mMTORC2 complexnfluences wgtoskeletal organization and activates AKprotein kinase B)
signaling pathwayThrough its downstream targets, AKT signaling promotes cell proliferation, growth,
and metabolic changes. Little is known about TCTP involvement in mTORC2 pathway. TGP intera

with mTORC2 complex and hypothetically inhibits its degraddtiimnet al., 2020)

TOR signaling pathway is evolutionarily veelhserved(Tatebe and Shiozaki, 201 Qomponents of
TORCL1 complex are conserved throughout eukaryotes including plants. In contRER2 TOmplex is

not present in plantsThere is no RHEB homolog in plants. However, there are indications TCTP could
be involved in TOR signaling in plafieng et al., 2018)ikely using a different molecular mechanism
than in animals. Interestinglyesidues critical for RHEB binding are conserveditTCTP1. Possibly,

these residues are important for interaction with other small GTPases.

Extracellular function

Apart from its multiple functions inside the cell, there is evidence of extracellular TCTP function(s) in
literature. TCTRs presentin the serum of allergic patients and induces histandnd interleukin 1t4
release from the basophildMacDonald et al., 1995 chroeder et al., 1996}t impacts other cells of

the immune system as welkor example, recombinarisSTCTP stimulates B cell proliferation and
adivity (Kang et al., 2001YCTP role in immune response is summarizedaiakami et al(2019.

Dimerization is critical for TCTP extracellular function in immune respéiseet al., 2009)

As a secreted protein, one would expect a signal peptide in TCTP sequence. Absence of such a signal
could indicate that TCTP is secreted by a-dagsical pathwaylndeed, TCTP was identified in
exosomes, which are a possible pathway of-atassical seetion (Amzallag et al., 2004y CTP directly
interacts withTumor suppresscactivated pathway6 (TSAP6) protej which facilitates its secretion
(Amzallag et al., 2004y SAP6 protein isritical for exosome secretion aridis procesgLespagnol et

al., 2008)

After secretion, there must be a way how TCTgha is transmitted into a responding cell. One

possibility is a presence of a TCTP interactor (a receptor) on cell surface. Indeed, TCTP directly binds
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immunoglobulin EIgB moleculeon the surface of mastcelisC O¢ wL NI O&vites BlErgias K A O K
response in mast cellKashiwakura et al., 2012Another option could be TCTP endocytosis.
Remarkably, MAH10 amino acid residues on thet&minus form a protein transduction donra{PTD)

(Kim et al., 2011)These domains share a gg#inetrating ability. TCTP enters the cell mainly via lipid

raft mediated endocytosi¢Kim et al., 2011)Properties of PTDs can be useful in drug delieoy.

instance, TTP PTD was recently shown to be functional in intranasal delivery of insulin i{Bagcst

al., 2019)

Extracellular functionhas beenproposed for TCTP homologs outside mammaRlasmodium
falciparum¢ / ¢t &ASONBGISR AyiG2 GKS &aSNMHzy Aa (K2dzaAKG
6/ I £ RSWEBSY S (i TOTR wag deteotest im the tobacco pollen tube secret(iadidh et al.,
2016b) Interestingly, NtTCTP colocalizes with ERylgi vesicle and exosome markéHafidh et al.,
2016b) ThisindicatesTCTP secretiois independent of a signal peptide, possibly via a ‘otassical
pathway. It is posslb other proteins (such as TSAPG6) are involved in TCTP secrgiiantinbuthave

not been identified so far.

Summary
TCTP is a highly conserved essential eukaryotic protein with functions in regulation of various cellular

and organismal processes. QakkrTCTP fold is highly conserved, which could indicate functional
conservation as well. Indeed, some TCTP functions are conserved throughout eukaryotes (such as
regulation of translation elongation or calcium binding). On the other hand, some functiacts §s

its role in human immune response) point to a specialization of TCTP in different organisms. Its
multifunctionality could be associated with a remarkably high number of interacting proteins. Some
regions of TCTP 4helical loop and disordered loopye known to mediate interaction with multiple
proteins. Postranslational modifications and calcium binding can impact TCTP structure and binding
properties. Studying its interactome in different model organisms and systems provides valuable

insight intoTCTP functions and their possible conservation.

TCTP in plants
In contrast to animals, there are only few studies of TCTP homologs in plant sprcésx for
Arabidopsis thalianaBefore turning toAtTCTP1, knowledge about TCTPs in other [@paties is

summarizedshortly.

Plant genomes carry multiplECTRaraloggKoo et al., 2020)Studies of more than a single paralog in
an organism point to a possible specialization of TCTPs. For instance, rubber tree pébdlcg@nd
HbTCTP#xhibit a different tissuespecificexpression patterr(Li et al., 2013Deng et al., 2016)n

addition, plant TCTPs might have acquired specialized functions during evdhgraexample, RPF41
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is a TCTP homolog Robinia pseudacaciaith a role in nodulation(Chou et al., 2016Arabidopsis
thalianagenome harbors twa@ CThraralogsg AtTTCTPANnd AtTCTP2AtTCTP1s highly expressed in
both vegetative and reproductive tissu¢Berkowitz et al., 2008)AtTCTP2 was assuméal be a

pseudogene(Berkowitz et al., 2008put was confirmed to have a function plant development
(ToscaneMorales et al., 2015)AtTCTPland AtTCTPZhave a different tissuspecific expression

pattern and are thought to be neredundant(ToscaneMorales et al., 2015)

TCTRtudiesin plants usuallpnalyzdts expression in various tissuasd response to biotic and abiotic
stress TCTP displaysubiquitous expression in all plant tissug$inojosaMoya et al., 2013Li et al.,
2013 Deng et al., 20L,8Meng et al., 2017)TCTRxpression is regulated by differeabiotic stresses,

e. g. flooding stresgChen et al., 2014)salt stress(Deng et al., 201,6Meng et al., 2017)low
temperature (Deng et al., 201&nd high temperature stresdveng et al., 2017)This suggests that
TCTRs involved in plant response to different stresses. Overexpression of toBEGI Rn tobacco
improves its performance under salt stre@e Carvalho et al., 2017n addition, TCTRexpression
respondsto biotic stress, for example in tomato infection by a potyvirus Pepper yellow mosaic virus
(PepYMV]Bruckner et al., 201®r in cucumber infection by a fung$phaerotheca fuligine@Meng

et al., 2018)

A connection between plant hormones am@THas beerdocumented in literature as well. RIFETP
homolog is upregulated by gibberellin treatment in the basal region of leaf si@atkasaki et al.,
2008) TCTHRs induced by ethylene treatment inlbacco(Tao et al., 2015NtTCTRlirectly interacts
with an ethylene receptoNtHK1 (HISTIDINE KINASEMD) is necessary for its function in growth
regulation and ethylene respong&ao et al., 2015 CucumbelGTCTP&xpression is upredated by
ABAtreatment (Meng et al., 2017and in turn, expression of ABA signaling patkeroteins is altered
in CICTP1 overexpressing and silenced IjMeEng et al., 2018)

TCTRin Arabidopsis thaliana

Arabidopsis thaliana TCTBé&ne is annotated as At3g16640 in TAIR database. Its sequence contains 4
exons and 3 intronsSTICTPEncodes a 168 amino acid residue long proté&tT.CTP1 has 38% identity

and 56% similarity teiSTCTP

TCTP1n Arabidopsis thalian@s a ubiquitously expssed gene. First characterizatistudy analyzed
its expression pattern by real tirmguantitative PCRBerkowitz et al., 2008 CTPIvas found to be
highly expressed in all analyzed tissues except for mature seeds. Av&lBEeq data support high
expression ofTCTP1 Relative to its median expression valuBCTR expression is particularly

upregulated irfmature pollen and maturing seeds (Figa#4).
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A valuable tool to study gene function is mutant analysis. KmaxkoutT-DNA insertion lines (named
tctp-1 andtctp-2) have beerexaminedso far(Berkowitz et al., 2008; Brioudes et al., 2010; Hafidh et
al., 2016b)tctp-1 line (annotated as SAIL_28 C03) has@NR insertion in the fourt exon of TCTP.
tctp-2 (annotated as GABI_901E08) has an insertiothénfirst exon(Figure3B). In studiesstated
above individuals homozygous for the insertion could not be generaBatkowitz et al.(2008)
observedgreatly reduced transmission through the male gametophyte (6.8%aaidpaired growth

of mutant pollen tubes in a pistil. In contragrioudeset al. (2010)could not reproducepreviously
published results and attributed observed phenotype to embryo arrest and lethaditytctp
homozygous individuals\part from green seeds, white seeds containing developmentally delayed
embrycs were observedn a silique ofctp-1 +/- plant (Figure3C,D. Remarkably, embryosom such
seedscould be rescued on a medium containing nutrient supplemeAfter the rescue, these plants
exhibit retarded growth, smallesize,and male sterility.Study in our laboratory confirmed lower
transmission through the male gametophyte than expected (8(®fajidh et al., 2016b)At the same
time, white seeds were observed in siliquesap-1 +/- selfed plants (10.9% frequency) along with
ovules that were not fertilized (12.3%). Observed phenotype was attributed to an aberrant targeting
of mutant pollen tubes. Mutant characterization thusggests thatAtTCTP1 has a role in both male

gametophyte andporophytedevelopment.

In line with TDNA mutant characterization results, plants with REiincedAtTCTP&xpression grow
slower and are developmentally delayé8rioudes et al., 2010The pimary root grows shorter and
lower number of lateral roots are formed IAtTCTPXknockdown lines(Berkowitz et al., 2008)
Recently, AtTCTPXunction in lateral root primordia initiation was confirmg@ranco and Masle,
2019) AtTTCTPINRNA produced in the shoot is translocated in phloem to tio¢ aod promotes lateral

root formation.

AtTCTPIfunction in sporophyte is well documented. Published studies are conflicting in their
interpretation of AtTCTP1In male gametophyte. However, there are indications it could be equally
important. AtTCTP&xpression is highly upregulated in mature pollen. TCTPL1 protein was detected in
first publishedpollen proteomeof A. thaliana(HolmesDavis et al., 2005)In addition, AtTCTP1
homologNtTCTRvas identified in the secretome of tobacco pollen tubtafidh et al., 2016bDirect
interaction of NtTCTP witiNtGNL1, a weknown vesicle trafficking regulator in pollenbe was

reported recently(Zou et al., 2021)
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A A3q16640 258433 at Arabidopsis eFP Browser at bar.utoronto.ca
. Winter et al., 2007. PLoS One 2(8). e718
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Figure3. Arabidopsis thaliana TCTP{A) Relative TCTP1 expression in different developmental stages, bas
RNAseqtranscriptomic data (Arabidopsis eFP browsematw.bar.utoronto.ca). Previous characterization o
tctp-1 and tetp2 (B) TDNA insertion lines revealed defective embryo development ifitsgeds (C, D). Seec
with tctp -/- delayed embryos appeared whitgl{ite arrow). Adapted from (Brioudes et al., 2082ple bars 50
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BRL2 and TTL3 as possible TCTP1 interactors
BRL2 (BRI LIKE 2) and TTL3 (TETRAORETIDREPEAT THIOREDGXKE 3) proteins were

identified as TCTP1 potential interactors in pollinated carpels prior to this diploma project
(unpublished data)ln this section, expression profiles and functions of BRL2 and TTL3 are introduced

shortly.

BRIl LIKE 2 (BRLZ8)annotated as At2g01950 in TAIR database and encodes a 124 kDa BRL2 protein.
BRL2belongs to plant LRR (leucine rich repeat) kinase faf@ilgy and Nelson, 2002) ike other
receptor kinases, it contains a signal peptide, an extracellular LRR domain, a transmembrane segment,
and an intracellular kinase domaiBRLzhas 41% sequence identity to brassinosteroid receptor BRI1
(BRASSINOSTEROIBENSITIVE @hd belongs toBRI1family along withBRL1and BRL30 / |- 3 2
Delgado et al., 2004WhereasBRLI1and BRLZomplementbril mutation under the control oBRI1
promoter, BRL2cannot complemenbril mutant. Interestingly, BRL2expression is not affected by
brassinolide treatmen{Clay and Nelson, 2002BRL2 does not bind brassinolidevitro¢ / |-FeRado

et al., 2004) It is speculated thait binds a steroid or a protein ligand that remains to be identified.
Characterization of a transposon insertion liwa1l points to BRL2 function iwvascular tissue
development(Clay and Nelson, 2002)CTP1 was detected as a potential interactor in aphdisplay

screen(Ceserani et al., 2009]ts function in reproductive development has not been investigated.

TETRATRICOPEPTIDE THIOREDRKEKEN(TTL33 annotated as At2g4258d TAIR database and
belongs to a gene family composed of four membdarsL(i4) (Lakhssassi et al., 2012Yhile TTL1,
TTL3and TTL4are ubiquitously expressed in most tissug$L2s expressed exclusively in pollen and
is crucial for male sporogenegisakhssassi et al., 201Mlutant characterization points to a partial
redundancy betweed TL1, TTL&d TTL4yenesn response to osmotic stregsakhssassi et al., 2012)
TTLproteins contain sixetratricopeptide repeat domains and a thioredoxike domain on their €
terminus(Rosado et al., 2006Presence of gredicted intrinsically disordered region dhterminus

of TTL3 protein suggests its potential involvement in prepeistein interactiongd AmorimSilva et al.,
2019) TTL3 interacts with components lfassinosteroid signaling pathwayd potentially scaffolds

them at the plasma membran@morimSilva et al., 2019)

Even though BRL2 does not bind brasiie its interaction with TTL3 has been experimentally
confirmed and suggests a cooperation of these two protésserani et al., 2009y TL3and BRL2

expression is very low inature pollen but bothare expressed in the pis(iFigure4).
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A At2g01950 265250_at Arabidopsis eFP Browser at bar.utoronto.ca
Winter et al,, 2007. PLoS One 2(B). e718

OS method, TGT value of 100. Most tissues were sampled in triplicate
Arabidopsis eFP Browser at bar.utoronto.ca

Winter et al., 2007. PLoS One 2(8): e718

Figure4. BRL2 (A) and TTL3 (B) expression in A. thaliana developmental stBgssed on
RNAseq transcriptomic data (Arabidopsis eFP browsew.bar.toronto.ca).
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Material and methods

Plantmaterial andcultivation

Plant material

Arabidopsis thalianaas a model plant organism this thesisMost experiments were carried out on
Columbia0 (Cot0) accession. For some crosses, rrstkyile msl-1 plants of Landsberg erectaer)
accession were used as there was no need to emasculate flowers prior to crossing. For mutant
characterization,SAIL_28C03 IDNA insertion line inrCol0 background was ordered from ABRC

(Arabidopsis Biological Resource Centre)

Cultivationconditionsand cultivation media

Arabidopsisthaliana plants were cultivated from seedsSterilized S SR& 3ISNXYAYIF SR 2y
(Murashige/Skoog)nedium(0.11%MS salts (Sigmd),5%sucrose (Sigmaf).4%agar (Sigma)l mM

MES (Duchefa)).3 mM myo-Inositol (Sigma), pH 5.7p in vitro conditiors (22C, 60% relative

humidity, 16 h light; 8 h dark) Plates with MS medium were prepared one day before seed sowing.

The medium was melted in a microwave, let to cool down for 45 Miramins (1 mg/Lpyridoxin
hydrochloride (Sigma), 0.25 mgfiicotinic acid (Sigma), 0.05 mgfihiamine hydrochloride (Sigma))

were added to the medium along with antibiotic or herbicide select{i®dkg/ml kanamycin or 50

kg/ml Bastapefore pouring into 9 crdiameter Petrplatesor 12 cm square plateg\fter the medium

solidified, it was kept in®C until use.

7 to 14days after germination, seedlisgvere carefully transferred on Jiffy peats or in transformation
pots with tweezers. They were grown ig@wth room or cultivation chamber at 22 and 60% relative
humidity under long day condition (16 h light, 8 h daPants were watered regularly@2times per

week) with water from the tap.

Seed sterilizatioand sowing

Seeds were frozen if20°C 23 days prior to plating to destroy angsects. Seedsterilization was
carried outin a 1.5 mL or 2 mL Eppendorf tuimea flowbox First, 1 mL 70% ethanflachNer)was
added tothe tube and the suspension was incubated for 1 mrna shakerEthanol(LachNer)was
exchanged for 20% blea¢BAVOand the seeds were incubatédr 10 min on a shaker. Finally, seeds
were washed 5 times with d¥D (distilled water)for 1 min on a shakeSeeds were transferred on MS
media either with a cut yellow pipette tip or they were let to dry on a filter paper and spreadvaut

the plate Plates were sealed with Micropore tape (€dmpanygnd kept inin vitro growth room.
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Plant crosisig

For crosses, either male sterites1-1 plants (Ler) or Céd accession plants without male sterility were
used. In the latter case, it was necessary to emasculatpenedflowers asArabidopsis tialianais
capable of sefpollination Emasculation was carried out under a stereomicroscépewer was
carefully opened with tweezers. Special attention was given to not damaging any part of the pistil. All
six anthers were removed with the tweezersd&ys later, the stigma became receptive and stigmatic
papillae were visible under stereomicroscofpgowers in this receptive condition were pollinated.
Open flower with mature released pollen was collectwdh tweezers from the genotype to be
crossed. Mitiple open flowers from the same plant were used for pollination until the stigma was

covered with pollen grains.

In vitro pollen tube cultivation

Arabidopsis thalian@ollen tubes were cultivated on a solid pollen germination medium according to
Boavida and McCormi¢R007) The medium (10% sucrose (Sigma), 0.01% boric acid (Duchefa), 5 mM
CaCl(Sigma), 1 mM MgS@sigma), 5 mM KCI (Sigma), 1.5% low melting agarose (Cleaver Scientific))
was freshly prepared before each pollen tube cultivation. Prior to addition ohlelting agarose, pH

of the medium was adjusted with 0.1 M KOH (Sigma) to 7.5. The medium waatettida container

filled with hot water until lowmelting agarose dissolved completely. Warm germination medium was
pipetted on a microscope slida a squarelike shape. The medium was left to cool down 36rmin.
Surface of the medium was gently towzhwith freshly collected open flowets release pollen grains
Microscope slides with pollen were incubated in a closed box filled with wet tissues to maintain high

humidity at 22C inthe dark for 4 h.

Mutant characterization
Silique dissection

Arabidgsis thalianasiliques were dissected to observe seed phenotfmiblesided tape was placed
on a microscope slide. A silique was collected and transferred on the tape. Using a stereomicroscope,
two valves were carefully separated from replum with an lilsneedle and attached tthe tape.

Seeds remained attached to the placenta dhelir phenotype could be observed or imaged.

Aniline blue staining &rabidopsis thalianpollen tube

Aniline blue staining oArabidopsispollen tubes was performed according Mori et al. (2006)
Flowers were collected 24 H&Rours after pollinationpr 48 HAP. They were placed on a doeditied

tape on a microscope glass. All flower organs except for pistils were removed using insulin needle.
Pistils were carefully transferremhto 100 kL Fxative solution 99.8%acetic acid (LacNer)/96%

ethanol (LackNer) in 1:3 ratio) in a 2dell cell culture plate. Afte2-hour incubation at room
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temperature, the fixative was exchanged for 100 70% ethanol. After 10 min incubation abrmo
temperature, the solution was exchanged for 50% ethanol. The same treatment was repeated for 30%
ethanol anddH,O. dHO was exchanged for 10¢L Alkaline treatment solution (ATS) (8 M NaOH
(Sigma)) and the pistils were incubated overnight at room terapge. Next day, ATS was carefully
replaced with 10 [dH:O. Pistils were incubated at room temperature for 10 min. FinallgQOdias
exchanged tddecolorized aniline blue solutiofpABS0.1% aniline blue (Sigma) solution in 108 mM
KsPQ (Sigma) filtered through active carbon powder). Pistils were incubated in DABS for 2 h in dark at
room temperature. They were stored i@ until microscopy. Samples were observed on a fluorescent

microscope under UV light.

Blue dot assay

Flowers were collected 24 HAP. They waleeedon a doublesided tape on a microscope glass. Under
the stereamicroscope, remaining sepals, petals and anthers were removed. Placenta with the seeds
was separated from ovary wall and carefully transferrea ih@O kL Fxative solution (80% acetone
(LachNer)) in a 24well cell culture plate. After 30 min incubation in room temperature, fixative
solution was exchanged forglucuronidase GU$ staining solution (0.1 M NaR@H 7.0(Sigma) 10

mM EDTADuchefa)0.1% Triton XL00 (Fluka) 1 mM 5-bromo-4-chloro-3-indolykbeta-D-glucuronic

acid, cyclohexylammonium sgx-Gluc, Thermo Fisher Scientificl mM ferrocyanidgSigmd). The
samples were incubated overnight at °87 For microscopy, they were mountet slidein 20%

glycerol solution and gently covered with a cover slip.

Nucleic acid and protein extraction from plant tissues

DNA extraction

DNA was extracted from the leaf tissue using CTAB DNA extraction metheaf flagment was
harvested with tweezers into a 1.5 mL Eppendorf safe lock tube containing sterile sand and
immediately frozen in liquid nitrogen. The tissue was grinded for 40 s at 400Qrqiations per
minute) in MagnaLyser (Roche). 1%Q CTAB extraicin buffer (.4 M NaCl (Sigma), 20 mM EDTA
(Duchefa), 100 mM Tris/HCI pH 8.0 (MP Biomedicals), 3% hexadecyltrimethylammonium bromide
(CTABSigma)) was added to grinded leaf tissue and the mixture was vortexed and incubated at room
temperature for 20 min150«kL 99%chloroform (LackNer)/ 98%isoamylalcohol (IAASigma)mixture

in 24:1 ratio was added. After a brief vortex, the mixture was centrifuged at 13,000 rpm at room
temperature for 10 min. Two layers formed in the tupan upper aqueous layer andl@ver green

layer containing tissue debris. Upper layer was transferred with a pipette into a fresh 1.5 mL Eppendorf
tube containing 120% [ A a 2 L{Nigma) T¥ie fnixture was vortexed, incubated at room

temperature for 5 min and centrifuged at 13,000 r@nhroom temperature forlO min. Supernatant
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g1a RAAOINRSR I yR (KSLTI%&thaSol Aftérla finalgound éf SeRtrifationK p n n
(13,000 rpm, 10 min, room temperature), supernatant was carefully removed by vacuum driven
pipette. The pellet was left to dry completely at room temperature fe8 B. The pellet was dissolved

in 30kLdHO andwasused as a template in genotyping PCR.

RNA extractioand cDNA generation

RNeasy Plant Mini Kit (Qiagen) was used for RNA extragtimaximumof 100 mg inflorescence was
collected from a growing Gl plant, placed in a safe lock 1.5 mL Emmehtube and immediately
frozen in liquid nitrogen. The sample was grindgth a pestlein a mortar filled with liquid nitrogen
Tissue powder was transferred to a prkilled 2 mL Eppendorf tube ahdmogenized fod0 s at 4000

rpm in MagnaLyser (RochdpbOxL RLT buffdjin the kit)was added to the grinded tissue and vortexed.
The lysate was transferred to a QIAshredder spin column placed in a 2 mL Eppendorf tube. The tube
was centrifuged for 2 min at 14,500 rpm. The supernatant was carefully traedfeo another 2 mL

tube. 0.5transfer volume otlenaturedethanol was added to the tube, mixed with a pipette and whole
volume was immediately transferred to the RNeasy spin column placed in 2 mL Eppendofftebe.
column was centrifuged at 14,500 rpnr & min. Flowthrough was discarded and 76@ RW1 buffer

was added. The column was centrifuged at 14,500 rpnifos and the flowthrough was discarded.

500 kL RPE buffer was added to the column, and it was centrifuged at 14,500 rpm for 15-s. Flow
through was discarded and washing step was repeated withikhORPE. The column was centrifuged

at 14,500 rpm for 2 min. Finallyhé¢ column was placed into a new Inl. Eppendorf tube, 3L
RNasedree water was added and the column was centrifuged at 14,500 rpm for 1 RINA
concentration was measured on NanoDrop (Thermo Fisher Scientific). DNA contaminations were
removed with Ambion DNA&eeTM Kkit. A typical 50kL reaction contained extracted RNA,xL 2U
rDNasel enzyme, L 10x DNasel reaction buffer and nuclease free water. The mixture was incubated
at 37°C for 30 min. %L DNase Inactivation Reagent was added for DNase enzyme inactivation. The
mixture was incubted for 2 min at room temperature and centrifuged at 14,500 rpm for 1 min.

Supernatant contained DNifee RNA and was transferred to a 1.5 mL Eppendorf tube.

ImPromlITM Reverse Transcription System (Promega) was employed to generate cDNA by reverse
transcription. 1x 3 LJdzNA FA SR wb! 61 & YAESR 6AGK O5b! LINA YS
g1 GSNI (2 T AyThefmix@rgd Wadz¥i&ibafed ak %D for 5 min and immediately chilled on

ice for 5 min. Reverse transcription reactimixture contaired 5x ImPrordITM reaction buffer, 2 mM

MgCh, 0.5 mM dNTP mjx20U Recombinant RNasin Ribonuclease InhibitoBromL L © wS @S NAE S
Transcriptase and nuclease free water to final volum&ll5kxL RNACDNA primer mixture was added

to the reaction. Reverserdnscription reaction was performed in a thermocycler. The reaction
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consisted of three stepg annealing for 5 min at 2&, elongation for 60 min at 42 and enzyme

inactivation for 15 min at AT.Obtained cDNA was used for cloning purposes in this thesis

Protein extraction

Proteins were extracted fromnaturepollen in this thesis. Plant tissue was collected in 2 mL Eppendorf
tube and frozen in liquid nitrogerkrozen tissue was grinded withpastlein a mortar with Rapid
Immunoprecipitation assay buffer (RIPZ0 mM Tris/HCI pH 7.5 (MP Biomedicals), 150 mACIN
(Sigma), 0.5 mM EDTA (Duchefa), ONs#iidet P40 (NP-40, Sigma), Pierce protease inhibitor (Thermo
Fisher Scientific, 1 tablet per 50 ml buffer), 10 niNSF(Sigma)). Grinded tissue powder was
transferred into a 1.5 mL Eppendorf tube and incubatedaenfor 1 hr.The tube was centrifuged at
14,000 rpm at 4C for 10 min. The supernatant containing extracted proteins was transferred into a

1.5 mL tube and frozen H20°C until further use.

Molecular cloning
Bacterial strains and cultivation media

ThreeEscherichia cofE. colj strains were used in this work. For cloning purposes, TOP10a strain was
employed to propagate and store cloned vectors. BC2tlonPlus (DE3) RIL and BC2HonPlus (DE3)
RIPL (Agilent) strains were utilized for recombinant pgroexpressionkE. colstrains were successfully
cultivated onLuriaBertani (LB high salt media (Duchefah vitro. TOP10a competent cells were

prepared by colleagues Karel Raabe and Zahra Kahrizi.

Agrobacterium tumefaciengA. tumefaciens GV3101 strainvas used for plant transformation.
Agrobacteriuncultures were cultivated ilveast Extract BeeYEBmedium pH 7.2 (0.6% yeast extract

(MP Biomedicals), 0.5% peptone from casein tryptic digest (Sigma), 0.5% sucrose (Serva), 0.05%
MgSQ. 7HO (Merck)). GV3101 electrocompetent cells were prepared by Karel Raabe and Zahra

Kahrizi.

Polymerase chain reaction (PCR)

Polymerase chain reaction is a common molecular biology method that was used to amplify a desired
DNA sequence. Each PCR reaction contained afdrand a reverse primer (0.5 mM), a template, a
mixture of deoxyibonucleotidephophates (dNTPs) (0.2 mM) and a DNA polymerase enzyme with
appropriate buffer. If the PCR product was further used for cloning, aftuiglity Phusion polymerase

was used in@mbination with HF Buffer (Thermo Fisher Scientific). In other cases (e. g. colony PCR or

3Sy2GeLAyYy3a t/wox aSNOAtTE ¢llj LREBYSNIAS 6mdp ! 0

Polymerase chain reactions were run in a PCR cycler in cycles of three dégaduration, annealing

and extension. In the denaturing step, the reaction was heated to separate template DNA strands. In
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annealing step, temperature was reduced to around-6®0C for the primers to bind to a
complementary sequence in the template. Annealing temperature was determined for each primer
combination using ThermoFisher Tm Calculator. In the extension step, DNA polymerase was adding
Rbe¢ta (2 o0 Sy kength®fthé &@nsibiNteprndididdtertifes from the length of the

5b! &S81dSy0S (2 6S FYLItAFTASR® LT aSNOALT L ¢kl LR
was 1 min per 1 kb DNA. In case of Phusion polymerase, it was 1 min per 2 kb DNAnpla eka
t/w NBIFOGAZ2Y o0& aSNOALTLF YR tKdzAA2Yy Ll2f&yYSNIas
Step Temperature |Time (min:se( Step Temperature [Time (min:se(
1 thpc/ 0:15 1 by c / 0:10
30x 2 dpc/ 0:30 30x 2 dy c/ 0:30
repeat 3 pnmcng/ 030 repeat 3 pnmncng/ 0:30
4 cyc/ 1 min/1kb 4 THC/ 1 min/2kb
5 cyc/ 10:00 5 THC/ 5:00
6 nc/ K 6 nc)/ K
Table 1.a § NI pdlyindrasd>CR reaction cycle Table 2. Phusion polymerase PCR reaction cycle

Agarose gel electrophoresis

To visualize DNA bands from PCR or mgiri digest, samples were loaded and run on gel

St SOGNRLK2NBaAad ¢KS ISt gl a LINBLINBR on YAYy 0S8
9l ae/ladun StSOINRPLK2NBAAAEA aeéail Savetae EIXTA bijife? (TAEL 4 K S NJ
(40 mM TrigMP Biomedicals), 20 mM acetic acid (Merck), 1 mM EDTA (Merck), pH 8.0) was measured

and added to an Erlenmeyer flask. Desired amount of agdtcmeza)0.6 g for 1% agarose gel) was

weighed and added to the Erlenmeyer flask. The mixture was heated in a microwave. When the
agarose dissolved completely, it was left to cool down for 10 min. 1 drop of ethidium bromide (PanReac
Applichem) was added. The mix¢ was poured into the gel chamber and the comb was placed on top

to create wells in the gel. When the gel solidified, it was topped up with 1x TAE buffer. Samples
containing OrangeG loading dye (45% sucrose with a tip of small spatula of the Orange€ powd
(Sigma)) were loaded into separate wells. The gel was run at 90 V until the orange line migrated nearly

to the bottom of the gel. The gel was imaged under UV light using ethidium bromide filter.

DNA isolation from an excised gel band

For cloning, it wasecessary to cut out a DNA band with correct size from the gel. For further use of
DNA contained in the gel slice, DNA was extracted using GeneJET Gel Extraction Kit (Thermo Fisher
Scientific). Prior to cutting, a 1.5 mL Eppendorf tube was weighed usahgiaal scales. The gel band

was cut with a scalpel cleaned with denatured ethanol and placed in the tube. The tube was weighed,
and mass of the gel slice was calculated. Binding Buffer was added in the tube in 1:1 ratio, &lLg. 100
Binding Buffer waadded to 100 mg agarose gel. The tube was incubated’&: 66til agarose gel was

dissolved completely. The mixture was briefly vortexed and transferred to a GeneJET Purification
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Column. The column was centrifuged at 14,500 rpm for 1 min and thetfimugh was discarded.

DNA was washed with 780 2 | aK 06 dzZFFSNJ FyR (KS O2fdzvy ¢4l a OS\
The flowthrough was discarded and the column was centrifuged for another minute at 14,500 rpm.

After transferring to a 1.5 mL Eppendorftubesn k[ 9f dziA2y o6dzZFFSNI 61 & | RR
incubated at room temperature for 2 min. The tube was centrifuged at 14,500 rpm for 1 min.

Concentration of eluted DNA was measured on NanoDrop (Thermo Fisher Scientific).

Plasmid isolation fror&. coli

GeneJET Plasmid MiniPrep kit (Thermo Fisher Scientific) was used for plasmid isolation. Vectors were
isolated from a 5 mL bacterial culture grown overnight in a shaker & 3nd 180 rpm. Bacterial
suspension was first centrifuged in a 2 mL Eppendorf tut&000 rpm for 2 mins. Supernatant was
discarded and bacteria were resuspended in 5§Resuspension Buffer containing RNAse A. Bacterial
cells were lysed by adding 2%Q Lysis Buffer and chromosomal DNA was precipitated withkB50
Neutralization Buffe The tubes were gently flipped tgmd-down after addition of each buffer. The
mixture was centrifuged at 14,500 rpm for 5 min. Supernatant was carefully transferred into a GeneJET
Purification Column and centrifuged at 14,500 rpm for 1 min. Thetfwaugh was discarded and 500

KL Wash Buffer was added. The column was centrifuged at 14,500 rpm for 1 mithftmgh was
discarded and the washing step was repeated. The column was centrifuged at 14,500 rpm for another
1 min and transferred into a 1.5 mipfendorf tube. To elute plasmid DNA from the column,xB0
Elution Buffer was added and the column was incubated at room temperature for 2 mins. Finally, the
tube was centrifuged at 14,500 rpm for 2 min. The column was discarded, and the concentration of

eluted DNA was determined on NanoDrop (Thermo Fisher Scientific).

Restriction digest

For restriction cloning and confirmation of insert presence, PCR amplicons or vectors were digested by
enzymes called restriction endonucleases. These enzymes recogmizeuhd a specific dsDNA
sequence called restriction site. The digestion reaction contained 0.3 U selected restriction enzyme(s)
(Thermo Fisher Scientific), 1x appropriate buffer (Buffer B, Buffer G, Buffer R, Buffer O or Tango Buffer)
(Thermo Fisher Scidfit) and up to 2kg of DNA to be digested. If two buffers were used for digest,
optimal buffer was selected using ThermoFisher DoubleDigest Calculator tool. The digestion reaction

was incubated at 3T for 12 h.
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E. coliTOPl1@competent cell transformatn

30k [ 2 T acorhpetentE. colcells were taken out oB0°C freezer and let thaw on ice. DNA to be
transformed was added to bacterial suspension. The mixture was gently swirled and incubated on ice
for 30 min, swirling every 10 min. The cells were helbcked for 30 seconds in a°@water bath.

H p n Supégr Optimal Broth with Catabolite repressi@OC mediumD.5 mMyeastextract powder

(MP Biomedicals), 2 mM tryptone (Sigma), 10 mM KCI (Serva), 2.5 ga¥(Bigma), 20 mM glucose
(Serva)) was added, and the mixture was incubated in a shake?@t&3200 rpm for 60 min. The cells

were plated on a LB agar medium containing appropriate antibiotic sele(iavie3).

Antibiotic Stock concentration (mg/ml) | Final concentration® 3 K Y]
Kanamycin 50 50
Spectinomycin 50 50
Ampicillin 100 100
Chloramphenico 34 34
Gentamycin 50 50
Rifampicin 50 50
Basta 50 50

Table 3. Commonly used antibiotics

A. tumefacien§&V 3101 competent catansformation

A. tumefaciensvas transformed by the electroporation method. 3] O2 YLISGSy G OStt |
removed from-80°C freezer and put on ice to thaw. 100 ng of purified plasmid DNA was added to the
bacterial cells. The cells wepgpetted into a prechilled electroporation cuvette. The cuvette was

inserted into the electroporator (Eppendorf Eporator) and electrical field pulse was applied. 1 -mL pre

chilled YEB medium was added immediately to the cuvette. Bacteria were resuspendetiea

suspension was transferred into a fresh 1.5 mL Eppendorf tube. The tube was incubated in a shaker
for2hat28 |G mMcn NWY® pn x[ 2F GKS &dzZ&ALISYyarzy o1 :

rifampicin, gentamycin and selection for transformed plagniPlates were incubated for 48 h at°’23

Plasmid verification and storage

After each cloning reaction, presence of DNA fragment of interest in correct orientation and sequence
was verified. First, around 20 bacterial colonies were tested for congtmesience in a colony PCR.

Each colony was gently touched with a white spatula tip and added into a prepared PCR reaction as a
template. Vectorspecific primers were used in PCR amplification. PCR product was run on 1% agarose
gel electrophoresisand 23 pasitive colonies were chosen based on correct band size. These clones
were grown overnight in a 5 mL culture in LB medium &C34t 180 rpm. Plasmid DNA was isolated
usingdescribedplasmid isolation protocol. Isolated plasmid DNA was digested by a chesteigtion

enzyme. Restriction digest was run on 0.8% agarose gel and if the pattern corresponded to Benchling
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simulation, it was sent for DNA sequencing. Sequencing reaction contained 500 ng plasmid DNA, a
sequencing primer in final concentration 10 mMdadHO to final volume 1kL. Sequencing was
carried out as a service at Eurofins Genomics. Sequencing results were aligned with simulated

sequence using MAFFT algorithm in Benchling softwanev benchling.com

After sequence verification, each construct was stored in the form of glycerol ste8&® freezer.
Bacterial colony with confirmed sequence was used to set up a 5 mL culture in LB medium. The culture
was grown in a shaker at 87 overnight at 180 rpn¥00k [ Odzf 1 dzNB 61 & YAESR 6A (K

glycerol (LaciNer) in a cryovial tube. Cryovial tubes were storeeBRC.

Restriction cloning

Restriction cloning takes advantage of restriction endonucleases. Restriction sites are added to DNA
fragmentof interest during PCR amplification. PCR product of insert as well as cloning vector are
digested using the same restriction enzymes. Finally, insert DNA is ligated into the vector DNA. Ligation

reaction is transformed int&. colcompetent cells.

PCR mplification of DNA fragment of interest

Primers for PCR amplification contained aroundr2@leotide long sequence complementary to DNA

FNI IAYSyld 2F AyiSNBad 2y GKS 00 Sy R -nugedidebufisS & G NA O
sequence at thep O . HMARfragment of interest was amplified in a PCR reaction with Phusion
polymerase (Thermo Fisher Scientific). PCR product was run on agarose gel electrophoresis, band of

correct size was cut out and gel extracted.

Restriction digest, ligation arfd coli transformation

Both insert and vector were digested using the same restriction enzymes. Restriction digest was run
on 1% agarose gel, bands of desired size were cut out and gel extracted. Concentration of purified DNA
was measured on NanoDrop (They Fisher Scientific). Insert and cloning vector were ligated using T4
DNA ligase (Thermo Fisher Scientific). Each ligation reaction was prepared in total volkmariD
contained digested cloning vector (10 ng), digested insert (10 ng), 1x T4 DNAliffasend 1.5 U

T4 DNA ligase enzyme (Thermo Fisher Scientific). The reaction was incubat&d fair 8D min. & [

of the ligation product was used to transfor& coliTOP1@&competent cells.

DFGSglet Of2yAy3

DFGSgltet Of 2yAy3 S Okpédiit 2ebinbindtian médhaniSnik of ghyige & A G S
integration into the bacterial chromoson{élartley et al., 2000}t consists of two reactionsso-called

BP reaction and LR reaction. In BP reaction, DNA fragment of interest flanked by attB sites recombines

with a donor vector (pbDONR) containing attP sites (FigAyeThis results it an entry vector (PENTR)
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containing DNA fragment of interest flanked by attL sites. In LR reaction, attL sites of the entry vector
recombine with attR sites of a destination vector (pbDEST). DNA fragment of interest is flanked by attB
sites in the resultig expression vector (pEXPR) (FidgaBe There are multiple att site variants and
recombination is atiite specific, e. g. attB1 site recombines only with attP1 site and not attP2 site.
Each recombination reaction can thus proceed in an orientation. pré@ombination reactions can

be combined in one LR reactioh.is thus possibldéo combine different DNA fragments in one

expression vector (Figug).

PCR amplification of DNA fragment of interest

Chosen attB sites (for example attB1) were addedNé\Bragment of interest during its amplification.

t/w LINAYSNE 6SNB RSaAAIYySR (2 RILBOAFAD. 25§ isFYVSS
For example, TCTP coding sequence was amplified using-atBPE and TCTPAttB2-R primers

(Table §. As atB sequence is too long to be contained in a single primer with-geeeific sequence,

two consecutive PCR reactions were performed. In the second reaction-fa@dl attBZR primers

were used Table §. PCR product was run on an agarosestgitrophoesis DNA band of correct size

was cut and gel eluted.

BP reaction

To create an entry Gateway vector, BP reaction was performed. 100 ng PCR product was combined

with 150 ng donor vector (b DONRLP2or pDONRP4B) andTrisEDTA buffer pH 8.0E 1mM Tris

(MP Biomedicals)lmM EDTADuchefa) to final volume 8kL. BP Clonase Il Mix (Thermo Fisher
Scientific) was taken out 6B0°C, let to thaw on ice, briefly vortexed andk2] $SNB | RRSR (i
prepared mixture. BP reaction was incubatedfor16 h&8t26 CA Yyl ff 83X ™M x[ LINRGSAY
Scientific) was added and the reaction was incubated for 10 min°@.2k [ 2F (GKS NBO2Yo .
reaction was used to transforr&. coliTOP1@ competent cells. Bacteria were plated on LB agar

medium containings0 xg/mL kanamycin (Duchefa). Bacteria transformed with a-remombined

donor vector were killed by the expressionoafiBgene. Construct presence was verified as described

above.

LR reaction

To create an expression Gateway vector, an entry vector recombined with a chosen destination vector
in LR reaction. Each reaction contained 100 ng entry vector, 150 ng destination vadtbR Zlonase
Enzyme mix and TE buffeH 8.0to final volume 10kL. The mixture was incubated for 16 h af@5
Recombination was stopped by 10 min incubation witlkL1proteinase K at 3C.E. coliTOP1@a

competent cells were transformed withx [ 2 F corabih&ionNdaction. Bacteria were plated on
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LB agar medium containing spectinomycin (Z&fmL). Construct presence was confirmed as

described.

In case of MultiSite LR reaction, 3 entry vectors were used in an LR reaction with a destination vector.

The reaction contained 10 femtomoles of each entry vector, 20 femtomoles tihedésn vector, 2

X[ [ w

described.

Jt2yFrasS LL tftdz&a 9yieys$S aiBE FyR
A B
BP site-specific recombination | LR site-specific recombination
attB [l:|PCR product aftlL I:]]:’ PENTR
X X X ]
o (I voonw | em [ eoesT
J 4 J I
attl ]_[l:l pENTR | ame I pEXPR
+ e + +
atiR _ byproduct attP l:[- byproduct
BP Clonase reaction LR Clonase reaction
B1 B2

attB fragment
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Figure5. Outline of Gateway cloning technologyA) In aBP reaction, attB sites onRCR
product recombie with attP sites in donor vector, resulting in an entry cleite attL sites.
(B) In an LR reaction, attL sites of an entry vector recombine with attR sites of destil
vector to generate expression clone. (C) multiple entry clones canidened in dMultisite
LR reaction. Adapted frofiKarimi et al.. 2007)
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Sitedirected mutagenesis

QuikChangdl XL Sitdirected Mutagenesis Kigilent) was used to create a substitution in an entry

Gateway vector. ACR reactiomas mixed in a 0.5 mL Eppendorf tubecdinsised of 2p
Reaction bufferl0 ng plasmid templat&).2 mM reverse and forward primer containing the mutation,
ndp x[ ROkt VYERAR Y 2 f bW PfyUltrbidiyh f@ldity DNA polymerasand dH0

to final volume 25%L. Reaction was run in a thermocycler according to TabAdéter amplificaton, 1

[

mMmnaR

KL Dpnl restriction enzyme (10 kL)) was added to the reaction to digest template plasmid DNA. The

reaction was mixed with a pipette and incubated at@G7#or 60 min in a thermocycler.¥2. mixture

were used to transfornt. coliTOP10 competent call

Step Temperaturg Time (min:seq
1 dpc/ 1:00
2 dbpc/ 0:50
18x repea 3 cnc/ 0:50
4 cyc/ 1 min/1kb
5 cyc/ 7:00
6 nc/ K

Table4. PfuUltra polymerase PCR reaction cycle

All aeated vectors are summarized in Tabland used primesequencesre stated in Tablé.
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Entry Gateway vectors prepared in this work

Name Primers Template Donor vector| Antibiotic resistance
pENTR-L1-TCTP1(CDS)i{L2 TCTP1-attB1-F, TCTP1-attB2-R Inflorescence cDNA pDONR P1Pp Kan
pENTR-L1-TCTP1(gDNA)-LProTCTP1-attB1-F, TCTP1-attB2{R Genomic DNA pDONR P1PP Kan

PENTR-L4-pTCTP1-RY proTCTP1-attB4-F, proTCTP1-attF1-RGenomic DNA pDONR P4B1 Kan
Expression Gateway vectors prepared in this work
Name Entry vector(s) Destination vector Ant'lblotIC
resistance
pTCTP1-TCTP1(gDNA)-GFP PENTR-L1-TCTP1(gDNA)-L2 pK7FWG,0 Spec
PENTR-R2-G
pTCTPL-TCTP1(cDNA)-GFP  pENTR-L4-pTCTP1-R1 pENTR'L;TCTPl(C IL:’;.(STa'Adh pK7m34GW Spec
collection)
p L PENTR-R2-G
pLat52-TCTP1(cDNA)-Gp-0 P ¢ W [ n LI F 0 p HIPENTRLLITCTPUCT, o oy pK7M34GW Spec
collection) L2 LFFAR
pDEST-periHisMBP-TCTP1 PENTR-L1-TCTP1(CDS)-L2 pDEST-periHisSMBP Amp
Vectors prepared by restriction cloning
Name Primers Template Vector Restriction enzymes Ant_lblo“c
resistance
pET29-TCTP1 TCTP1-Bglll-F, TCTP1-Xh{pENTR-L1-TCTP1(CDY)-L2
_ BRL2(ECD)-Bglll-F, BRL2(| pENTR-L2-BRL2(CDS
PET29-BRL2 (ECD) Xhol-R 6{FAR | I FAHR
_ BRL2(KD)-BgllI-F, BRL2( pENTR-L2-BRL2(CDS
pET29-BRL2 (KD) Xhol-R SIFAR IFFAM pET29 Bglll, Xhol Kan
ENTR-L2-TTL3-L3 (S
pET29-TTL3 TTL3-Bglll-F, 'ITLS-XhoI-RDI FTARKOS
TCTP1-Bglll-F, TCTP1-C1l{ pENTR-L1-TCTP1(CD
pET29-TCTP1 C168S Xhol-R C168S-12
Vector prepared by site-directed mutagenesis
Name Primers Template Ant.IbIOtIC
resistance
ENTR-L1-TCTP1(CD TCTP1-Cli -F, TCTP1-
P |_C2 (CDS) gTCTPL-C 68: » TCTPL-Q ENTR-L1-TCTP1(CDYKa8

Table5. Vectors generated in this work
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Primer name

{SljdzSy0S o6pOmo

o)) Purpose

TCTP1-attB1-F

r/trrrr b/ DD/ ¢e¢c! !l ¢D¢

Gale@ayDéning / ! ! D!

TCTP1-attB2-R

It D! D/ ¢DDD¢DD/ !/ ¢¢D

Gdteway/cloning /

proTCTP1-attB4-F

¢! D111 DeecDDD¢eD/ ¢D! /

Gdtewaycloning ! D¢ D¢

proTCTP1-attP1-R

GTACAAACTTGTCCCCGGTCGCTTATTGAT]

[GatEWiay cloning

proTCTP1-attB1-F

ACAAAAAAGCAGGCTTACTGACCCAACCCAag@e@agCcloning

attB1F GGGGCAACTTTGTACAAAAAAGCAGGCT |Gateway cloning
attB2R GGGGCAACTTTGTACAAGAAAGCTG Gateway cloning
attB4F GGGGACAACTTTGTATAGAAAAGTTGGGTG|Gateway cloning
attB1rR GGGGCAACTTTTTTGTACAAACTTG Gateway cloning
TTL3-Bglll-F el 1 I D¢/ ¢c! ¢D¢/ ¢/ ! ¢ ¢|Rebtlichon Elddihg
TTL3-Xhol-R I' D'V / ¢/ D! DD¢D¢! ! D! DD! |Réstfician cloning
BRL2-ECD-Bglll-F F¢l 1 I D¢/ ¢c¢c! ¢D! / ¢! / ¢ ¢|Restfictioh ¢lohihg
BRL2-ECD-Xhol-R /| D¢eD/ ¢/ D! D!/ D¢e¢c ¢/ / / ¢ ¢[Resttidtianbiening /
BRL2-KD-Bglll-F DD! D! D! ¢/ ¢¢ D/ DD! ¢ D! ¢ D|Ré&tridtidn'clendg
BRL2-KD-Xhol-R I' D1/ ¢/ D! DD¢ D/ ! | D/ ¢ D ¢|Restfictidd ¢ldnhing
pET29seq-R D/ ¢! D¢¢! ¢¢D/ ¢/ ! D/ DD Restriction cloning
pET29seq-F ! bb¢ ¢ D! DD/ / D¢ ¢ D! D Restriction cloning
TCTP1-Bglll-F 't D/ ' D! ¢/ ¢¢! ¢ D¢ ¢ DDC¢ D¢ |Résttictidn Eléning
TCTP1-Xhol-R AAGCCTCGAGCGACTTGACCTCCTTCA Restriction cloning
TCTP1-C168S-Xhol-R AAGCCTCGAGGGACTTGACCTCCTTCA Restriction cloning
M13-R CAGGAAACAGCTATGACCATG Construct verification
M13-F TGTAAAACGACGGCCAGT Construct verification
eGFP-R2 rr/1vblre// ¢/ DI ¢eD/ Construct verification

pDEST-periHisMBP-seqF

D/ ¢¢D/ e¢eD/ !V / ¢/ ¢/ ¢/ ! D

Construct verification

pDEST-periHisMBP-seqR

/ DI'¢¢! ! D¢¢cDDD¢! ! / D

Construct verification

TCTP1-C168S-F

D¢c¢ceD!! DD! DDe¢/ V' I D¢/ [/

Bifedirec¢ted mutagenksis ¢

TCTP1-C168S-R

CAAGAAAGCTGGGEBGTTGACCTCCTTCAA

Site-directed mutagenesis

Table6. Primes used in this work
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Plant transformation
Floral dip

Primary inflorescence was cut prior to transformation to encourage branching. When secondary
inflorescences started to form flowers, 5 ml YEB medium containing antibiotic selection was inoculated
with a singleA. tumefaciengolony or with a glycerol stoatontaining construct to be transformed.

The culture was grown overnight at®3at 160 rpm. Following day, 2@0 grown culture was used to
inoculate 200 mL fresh YEB medium in a 500 mL flask. The culture was grown overniéBtat18%)

rpm. Overnightulture was centrifuged in 250 mL Beckman centrifuge tubes for 20 min at 3,900 rpm
at room temperature. Supernatant was carefully discarded. The pellet was gently resuspended in
Infiltration medium (0.022% MS salts (Sigma), 5% sucrose (Sigma), 1 mL/INB®bd +A G YA Y { 2
(Sigma), 0.05% MES (Duchefan  tbéhrylaminopurine) with a 5 mL pipette. Bacterial suspension
was carefully transferred into a 1 L beaker. Immediately before dipping flowers into the infiltration
medium, 300kL/L Silwet Star (AgBio) was added to the suspension. Inflorescences were placed into
the bacterial suspension for 45 s. Plants were covered with a porous black autoclave bag overnight.

The cover was removed following day and the plants were cultivated until seed harvesting.

Transformant selection

Because transformatioefficiencyby floral dip is low (usually around 1%), there would be a need to
screen a great number of plants without selectionDNA cassettes used in this thesis contained
kanamycin resistance gene undtgre control of sporophytic 35S promoter. To select individuals
carrying the transgeneseedsharvested from transformed plants were selected on MS medium
containing kanamycin (58g/mL). Around 120 selected plants were transferred on Jiffy peats and

cultivated. Presence of the transgene was further verified by a genotyping PCR.

Recombinant protein expression

BL21Codon Plus (DEBRIP and BL2Codon Plus (DERIPLE. colistrains were utilized for
recombinant protein expression. These strains carry a T7 RNA polymerase gene under the control of
lacpromoter in their genome. In the absence of an inducer called isopiepythiogalactopyranoside
(IPTG), T7 RNA polymerasenseription is blocked by a lac repressor. In its presence, lac repressor
cannot bind to lac promoter and T7 RNA polymerase is expressed. If gene encoding protein of interest
is driven by T7 promoter, addition of IPTG to bacterial culture ideally resuits @xpression. T7
promoter activity is considered very strong and can result in recombinant protein accumulation up to

50% of total cellular protein&Studier and Moffatt, 1986)

43



E. colBL21Codon Plus competent cell transformation

100kL of BL2&Codon Plus (DERIL or BL2Codon Plu¢DE3)RIPL cells (Agilent Technologies) were

taken out of-80°C freezer alongside XL-D02 f -Rerdaptoethanol (ME) mix supplied in the same Kit.
XL10Goldi -ME mix was diluted with i in 1:10 ratio. X [ 2 F RIE valzAd8edrl toithe BL21
competent cdls. The mixture was incubated on ice for 10 min, swirling every 2 min. 50 ng of expression
plasmid DNA was added to the tube and incubated on ice for 30 min. The cells weshbeld in a

water bath at 42C for 20 seconds. After 2 min incubation orsicecpnn k[ LINBKSMasi SR { h/
added to the bacteria. After transformation, BL21 cells were incubated in a shaketGf@760 min
at220rpm. 5[ YR wmnn x[ 27T (K Platédloail8 dgarimediu deathidéng & A 2 v
antibiotic selectiorfor the expression plasmid. Plates were incubated overnight &€ 3Presence of

the expression plasmid was confirmed by colony PCR. Glycerol stocks were prepared for 2 positive

colonies per construct.

Induction of recombinant protein expression

Glycerolstock of BL21 cells was used to inoculate a 5 mL LB broth medium containing antibiotics
selecting for the expression plasmid (kanamycin or ampicillin) and the plasmid carrying tRNA genes
(chloramphenicol). Bacterial culture was grown overnight in a shetk&C at 180 rpm. Next day, 0.5

mL culture was pipetted into a 100 mL Erlenmayer flask containing 9.5 mL fresh LB broth medium
supplemented with the same antibiotic selection. The flask was incubated@t&7220 rpm. Optical
density of the culture wasieasured regularly and when it reached 0.8 (usually afteh} IPTG (ICN
Biomedicals) in desired concentration (stock solution 24 mg/mL) was added to the culture. The culture
was incubated in a shaker at 220 rpm for desired time at desired temprexafor each recombinant
protein, IPTG concentration, incubation time and temperature after induction were optimized for high

recombinant protein yield.

Bacterial protein extraction

Bacterial culture was centrifuged for 10 min &C4at 4,000 rpm. Most ofhe supernatant was
discarded, a little amount was used to resuspend the pellet and transfer the suspension to a 1.5 mL
safelock Eppendorf tube. This tube was centrifuged for 30 s at 14,000 rpm and the rest of the medium

was discarded.

Proteins from theperiplasmic fraction were extracted accordingMalherbe et al(2019) The pellet

was washed with 34@ [Phosphatebuffered saline (PB337 mM NacCl (Sigma), 2.7 mM KCI (Sigma),

24.2 mM NaHPQ (Sigma), 5.2 mM KHAQ (MercK)) and centrifuged at 14,000 rpm at@ for 3 min.
Supernatant was discarded and the pellet was resuspended inkB&pheroplast buffer (0.1 M
Tris/HCI pH 8.0 (MP Biomedicals), 500 mM sucrose (Serva), 0.5 mM EDTA pH 8.0 (Duchefa)) and
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incubated on ice for 5 min. The mixture was centrifuged14f000 rpm at 4C for 3 min. The
supernatant was discarded, and the pellet was resuspended inkL6D mM MgS©(Sigma). The
mixture was incubated on ice for 15 s andl820 mM MgS©wvas added. The mixture was centrifuged
at 14,000 rpm at 4C for 3 min.Supernatant containing proteins from the periplasm was carefully

transferred into an Eppendorf tube.

To isolate proteins from the soluble fraction, centrifuged bacterial pellet was frozen in liquid nitrogen.
Frozen pellet was grinded in a mortar with asfle into white powder and the powder was transferred

into a sterile 1.5 mL Eppendorf tube with a cut blue pipette tip. 5Rapid Immunoprecipitation

assay bufferRIPA10 mM Tris/HCI pH 7.5 (MP Biomedicals), 150 mM NacCl (Sigma), 0.5 mM EDTA
(Duchefa)0.5% NPI0 (Sigma), Pierce protease inhibitor (Thermo Fisher Scientific, 1 tablet per 50 mi
buffer), 10 mM phenylmethylsulphonyl fluorideMSFSigma)) was added to grinded bacteria and the
mixture was incubated for 60 min on ice. Finally, it was cergefl at 4C at 14,000 rpm for 10 min.

The supernatant (soluble protein extract) was carefully transferred to a 1.5 mL Eppendorf tube. The

pellet was either discarded or kept for analysis of the insoluble fraction.

Histag purification

100m NiNTA agaras beads were transferred into 1.5 mL Eppendorf tube. The tube was centrifuged
for 1 min at3,000rpm at 4°C. Flowthrough was discarded and the beads were gently resuspended in
400m Equilibrium buffer (20 mM Tri¢HCI pH 7.8MP Biomedicals250 mM NaQ[Sigma). After 1 min
centrifugation at3,000rpm, 1 mL protein sample containing Hégged protein was added to the
beads. The tube was incubated for 1 hr on a turning wheet@t Beads bound proteins tagged with a
Histag. After the incubation, the tube was centrifuged for 1 mirs@00 rpmat 4°C and the flow
through was kept for analysis. As there might be 13prcific interactions between the beads and
other bacterial proteis, the beads were washed three times with 40@quilibrium buffer containing

50 mM imidazoldSigmajynd centrifuged for 1 min &000 rpmat 4°C after each wash. Last washing
fraction was stored for analysis. 1@®elution buffer (20 mM Tri¢iCl pH 7.8MP Biomedicals250

mM NaClSigma) 500 mM imidazol€Sigmg) was added to the column and it was centrifuged for 1

min at3000 rpmat 4°C. The eluate was stored &0°C for further analysis.

Stag purification

Sprotein agarose beads (Novagen) werged to capture proteins carrying thet&y. 100xL beads
were added to 20&L protein extract in a 1.5 mL Eppendorf tube, gently resuspended with a pipette
tip and incubated on an orbital shaker at room temperature for 1 hr. The mixture was centrifuged at
2,000 rpmand the supernatant was carefully discarded. The beads were washed three times with
Bind/Wash Buffer (20 mM TrHCI pH 7.5 (MP Biomedicals), 150 mM NaCl (Sigma), 0-1%(Skjma)
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and centrifuged a2,000 rpmfor 10 min. Finally, proteins bourtd the beads were eluted either with
3 M Mgd (Sigma) or 3 M guanidine thiocyanate (GUSCN) (Sigma). Eluate was stored along with

collected washing fractions H20°C until further use.

MBP purification

Proteins bearing MBP (maltose binding protein) tagre purified with MBPTrap agarose beads
(Chromotek). 25%L bead slurry was transferred with a blue cut tip into a 1.5 mL Eppendorf tube. 150
KL Dilution buffer (10 mM Tris/HCI pH 7.5 (MP Biomedicals), 150 mM NacCl (Sigma), 0.5 mM EDTA
(Duchefa)) was addetheads were gently resuspended with a pipette tip and the tube was centrifuged
at 4°C at5,000 rpmfor 5 min. Equilibration step was repeated three times. Z00bacterial protein
extract was diluted with 308L Dilution buffer. Diluted protein extract was added to the beads. After
a gentle resuspension, beads were incubated °&@ 4n a turning wheel for 1 hr. To minimize non
specific protein binding, beads weneashed three times with Wash buffer (10 mM Tris/HCl pHMB
Biomedicals)150 mM NadlSigma,)0.05 % NP4(5igma)0.5 mM EDTRDuchefa). After each wash,
beads were centrifuged ar€ at5,000 rpmfor 5 min. Beads were resuspended inl803X SDS Hef
(0.15M Tris/HCI pH 6.8 (MP Biomedicals), 30% v/v glycerol-Nex;h6% SDS (Serva), 0.18MT
(Sigma), 0.03% bromophenol bl(feigma). To elute proteins bound to the beads, beads were boiled
at 99°C for 5 min. The eluate was shortly centrifuged arad either used immediately for SDS/PAGE

or stored in-20°C until further use.

SDS/PAGE and Western blot
SDS/PAGE

Electrophoretic protein separation was performed in MAROTEAN Tetra Cell system (Biorad). Prior
to gel casting, glass plates were cleaméth ethanol. A thicker bottom glass and a thinner cover glass
plates were put in a casting frame and placed on a casting stand. First, the resolving-52%(10
acrylamide/bisacrylamide solution 37.5:1 (Biorad), 0.125 M Tris/HCI pH 8.8 (MP Biomed@itais),

SDS (Serva), 0.1% ammonium persulfate (Sigma)iét2¥methylethylendiamifTEMEDCarl ROTHI)

was prepared in a beaker. Immediately after the addition BMED gel was pipetted between the
glass plates approximately 2 cm under the top edgexl63opropanol(Sigmawas added on top of

the gel. After 30 nm, isopropanol was vacuum sucked. Stacking gel (5% acrylamide/bisacrylamide
solution 37.5:1 (Biorad), 0.125 M Tris/HCI pH 6.8 (MP Biomedicals), 0.1 M sodium dodecylsulfate (SDS
Serva), 0.06% ammonium persulfate (Sigma), TE#MED (Carl RO)M)as prepared and pipetted on

top of the resolving gel until the glass chamber was fulw&0 or 15well comb was quickly put into

the chamber After 30 min, the comb was carefully remavigom the gel and the glass chamber was

filled with dBO. The glass plate was transferred from the casting stand into the electrophoresis stand.
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Prior to loading, 3x SDS sample buffer (0.15M Tris/HCI pH 6.8 (MP Biomedicals), 30% v/v glycerol (Lach
Ner, 6%SDS (Serva), 0.15M DTT (Sigma), 0.03% bromophenol blue) was added to protein samples and
the mixture was boiled at & for 10 min at 300 rpm. Samples and 3 Swdzf SN t NBadGl Ay
Ladder(Thermo Fisher Scientifieyere loaded into the wells of gel ithe electrophoresis stand.
Electrophoresis stand was placed into the tank and filled \H#ttrode buffer (25 mM Tris (MP
Biomedicals), 192 mM glycine (PanReac Applichem), 0.1% SDS (Serva)). Electrophoresis tank was filled
up to a mark indicating numbef run gels. Electrophoresis was run at 75 V until blue band on the gel
reached the boundary between resolving and stacking gel (around 20 min) and the voltage was

increased to 150 V until blue band reached bottom of the gel.

Polyacrylamide gel was cardfutemoved from the glass chamber and gently placed into a plastic box
containingdH:O. It was washed idHO at room temperature 3 times for 5 im and ready for

Coomassie brilliant blue (CBB) staining or transfer to a membrane.

CBBG-250 staining

Tovisuwalizeprotein bands on a gel after SDS/PAGE electrophoresis, gel was stain€CBBIE250.

The gel was incubated with CEBB250 staining solution (5% aluminium sulphate hydrate (Sigma),
0.02% CBB>-250 (Sigma) 10% ethanol(LachNer), 2% orthephosphoricacid (Roth)) at room
temperature overnight. Following day, staining solution was exchanged for destaining solution (10%
ethanol (LachNer), 2% orthephosphoric acid (Roth)) until blue background was washed away from

the gel.

Wet transfer

Protein bands were transferred from a polyacrylamide gel onto a nitrocellulose membrane using wet
transfer method. After SDS/PAGE, a gel was placediotting buffer (20% v/v methanol (Lagdter),

25 mM Tris (MB Biomedicals), 192 mM glycine (PanReadchA@mi)) for 30 min. The buffer was
exchanged every 10 min. At the same time, nitrocellulose membrane was immersed into blotting
buffer with 2 blotting papers (Whatman) and 4 filter papeisstack wasuilt in the following order

on the black side of holdecassetteg a blotting paper, 2 filter papers, gel, membrane, 2 filter papers
and a blotting paper. The cassette was closed tightly and inserted into an electrode module. Electrode
module was placed into a blotting tank. The tank was filled with blofiig¥ F SNJ dzLJ (2 G KS f A
and ice container was put inside to prevent overheating. Transfer was run at constant current (350
mA) for 1 h.

Western blot
The membrane was washed three times 5 min Witts Buffered Saline with TweeRBST10 mM Tris

(MP Biomedicals), 150 mM NaCl (Sigma), 0.05% Tween 20 (Sigma)). It was blocked at room
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temperature for 30 min in 5% milk powder (Bohemilk) in TBST and washed for 5 min with TBST. The
membrane was incubated with primary antibody solutid®,000xdilution in 0.5% bovine serum
albumin (BSASigma) in TBST) overnight &4at 100 rpm. Next day, it was washed three times 5 min
with TBST and incubated with secondary antibody solufZ000xdilution in 0.5%BSA(Sigmajn

TBST) Finally, the membrane was washed three times 5 min in TBSAd antibodies and their

dilutions are summarized in Table

Type Name Supplier Dilution Product number
primary Rabbit anti-GFP Agrisera 1:10,000 AS152987
primary Rabbit anti-His antibodies-online.com 1:10,000 ABIN398410

secondary | Goat anti-Rabbit HRP Agrisera 1:20,000 AS09602

Table7. Antibodies used in this work

Chemiluminiscencassay

AgriseraECL SuperBrightvo-Component system (Agrisera) was used as a substrate for HRP in
chemiluminiscence assay. 180 ofSlution A was mixed with equal volume of Solution B and spread
over the membrane in a cellophane foil. The membrane was incubated in dark for éxpisedand

imaged using a gel imaging system with detector of luminescence.

Microscopyand image analysis

Imaging was carried out at the Imaging facility at the Institute of Experimental Bdtaages were
obtained on ZEISS Stemi 508 stereomicroscopeyreffoent Zeiss Axio Imager with ApoTome
microscope and confocal Nikon Spinning Disk microscDegailed information can be found on

http://www.ueb.cas.cz/cs/iflequipment GFP(green fluorescent proteihYFP (yellow fluorescent

protein) fluorescencavas excited wit#88 nm laserDAPI fluorescenogas excited witll05 nm laser

was usedAcquired images were processed in Fiji (ImageJ) software

DAPI staining

DAPI (A4-amidinophenyhlHindole-6-carbaximadine) is a fluorescent dye which binds to AT rich
sequences in DNA. DAPI staining in this thesis was used for microscopic observation of vegetative and
sperm nuclei in mature pollen. DAPI solution was adde@tts buffef0.1 M NaP®pH 7.0(Sigma)

10 mM EDTADuchefa)0.1% Triton X 00(Fluka))prior to microscopic slide preparatiqB8xL DAPI/10

mL GUS).

Statistical testing

RStudio (R 4.1.2 version) was used for statistical analysis of acquired data eandjrdphical
visualization. .2 (chisquared)goodnessof-fit test was used to statistically evaluate differences
between expected and observed frequencies of mutant allele transmisdli@an and standard

deviation of measurements are presented as mgatandard deviation in the texTwotailed WelchD &
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t-test was used to evaluate differencesmean oftwo independent sample<Prior to the test, normal
distribution of acquired data was assessed with@mjot. WelclO #st does not require homogeneity

in variances and this parameter was thus not tested.

Software
Online Benchling softwarew(vw.benchling.corp was used for sequencing alignment. Protein

structural models downloaded from RCSB PDB (Protein Data Bank) were visudl@SHChimera,
product version 1.16. Tables were created in Microsoft Excel and figures were assembled in Microsoft

PowerPoint.
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Results

tctp-1 mutant characterization
Previous characterization aftp-1 T-DNA insertion line (SAIL_C03_28) led to conflicting results for
TCTP1 involvement in reproductive development. Characterization of DNAT insertion line was

thus pursued witha special focus on the male gametophyte and events prior to fertilization.

tctp-1 SAllalleleis aLat52GUSrap line

tctp-1 mutant allele has a-DNA insertion in the fourth exon oFCTR and belongs to the SAIL
collection collectively known as bi&AIL collectiondt contains a functional Basta resistance gene
and thereforewasselectedfor on a medium containing Baskteerbicide Presence of the insertion was
further verified by genotyjmg PCR in a few selected plants. It was possible to discriminate between
the mutant and wild type polleandpollen tubes as the-DNA insertion carried a GUS construct under
pollenspecific Lat52 promoter. All experiments were carried out with heteroaggotp-1 +/-

individuals becaustetp-1 homozygous mutation is embryo lethal.

Reciprocal mssef tctp-1 revealed lower mutanfransmission through male gametophyte
To verify transmission of the mutant allele through both female and male gametoptoype]l +/-
plants were crossed with male steriles1-1 plantsand wild type ColO plants. Pistils were pollinated
48 h after flower emasculatiomhere necessaryMature seeds were harvested and plated on MS
medium containing Bastderbicide Resistant plantsvere easily discriminated from sensitive
individuals (Figure6A) Bastasensitive and Basteesistant seedlings were counted and the

transmission of mutant allele through male and female gametophyte was determined.

msl-1 xtctp-1 +/- (afemale xdmale,same format here forthaind Col0 xtctp-1 +/- crosses showed
significantly lower mutant allele transmission th#tre expected 50%Mendelian segregation ratio
(Table6). Of the total population, onl\t6.81% (458 seedsdf progenyfrom msl-1 xtctp-1 +/- cross
(p-value<0.001) and 24.49% 196 seeds) progenfrom Col0 xtctp-1 +/- cross germinatedhs
resistant seedling®n MSBasta medium (fwalue<0.001). In contrasti8% (n = 125 seeds)f the
seedlingdrom tctp-1 +/- x ColO crosswere resistant toBasta, a ratiaot significantly different from

the expected 50% transmissionyplue=0.65).Data are summarized Figure6B.
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Basta-resistant Basta-sensitive
seedling seedling
tctp-1
Cross (9 x &) Basta"/Basta’ i X’ value p-value
transmission

ms1-1x tctp-1 +/- 77/381 16.81% 201.78 <0.001
Col-0x tctp-1 +/- 48/148 24.49% 51.02 <0.001

tctp-1+/- x Col-0 60/65 48.00% 0.20 0.65

Figure 6. Transmission of tctgl allele is significantly reduced through the male gametophy{é) Basta
resistant and Bastaensitive seedlings havedastinct phenotype on MBasta medium (B) tctpl allele
transmissiorthrough male gametophytés significantly lower than expected 50% but is unchanged throt
female gametophyteScale bar = 1na.

The experiment thusuggestswhile mutanttctp-1 allele transmission through female gametophyte is
not different from the expected Mendelian 1:1 ratio, the transmission through the male gametophyte

is significantlyreduced.

tctp-1 pollen fertilizes diffemtly between apical and basal half of the silique

Lower mutant allele transmission could result from defects in pollen germination, pollen tube growth
and/or ovule targeting by the pollen tube. To have a more detailed insight into the observed
phenotype reciprocal crosses ¢ftp-1 +/- plants withCot0 were performedObtainedmature silique

were harvested andlissectedwith a sterile blade in the middle measured by a ruler. Seeds from the

apical and basal half of the siligue weagellected separatelyrad plated on MS medium containing

Basta selection. Bastensitive and Basteesistant seedlings werthen quantified

The transmission dictp-1 allele did not differ between the apical (50.68%+ i3 seeds) and basal
(44.23%, n=52 seeds) half of the siliquécip-1 +/- x Col0 cross. However, it was lower in the basal
part of the silique (9.83%, n=61 seeds) than in the apical part (25.82% 8eeds) in the reciprocal
crossCol0 xtctp-1 +/~, when plant carrying the mutation was used as a pollen donor (Figuikhis

result suggets impaired growth of mutant pollen tubes.
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tctp-1 +/~ x Col-0

Q@ d Q
Col-0 x tctp-1 +/-
25.81% 50.68%
n=62 n=73
9.83% 44.23%
n=621 n=g2

APICAL PART
Cross Number of seeds | Transmission(%) xz value p-value
tctp-1+/- x Col-0 73 50.68 0.014 0.91
Col-0x tctp-1+/- 62 25.81 14.516 <0.001
BASAL PART
Cross Number of seeds | Transmission(%) xz value p-value
tctp-1+/- x Col-0 52 44.23 0.692 0.41
Col-0x tctp-1+/- 61 9.83 39.36 <0.001

Figure?. tctp-1 allele transmissiorthrough male gametophytds lower in basal half of the silique

Distribution of aborted seeds fotp-1 +/- siliques was not uniform

If mutant pollen tube growth is unaffected, uniform distribution of seeds carrying the -male
transmitted tctp-1 allele is expected. When dissectingip-1 +/- siliques, two seed classegere
observedg wild-type looking green seeds and white seeds. Whitedsecarry a malransmitted as
well as a femaldéransmitted tctp-1 allele. In total, 15 siliques @5 plants) containing green seeds

were dissected under stereomicroscofigeiss) asshownin Figure8A. Siliques were imaged and
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Figure8. White seeds are not uniformly distributed intatp-1 +/- silique. (A)

Dissected placenta bearing white seeds (marked by red cross) and green
(unmarked). Scale bar =mim. (B) White seedwere predominantiobserved
in apical half of tctgl +/- silique.
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position of all white seds was marked in the image with a red cross. Relative distance of each white
seed from the stigma was determined with Fiji software and values for all 133 white seeds were plotted
in a histogramWhite seeds wergredominantlyobserved in the apical partfdctp-1 +/- siliques

(Figure8B). This result further supports the hypothesis thetip-1 pollen tube growthis impaired.

Aniline blue staining revealed no differenbesweentctp-1 +/-~ and Col0 pollen tube

targeting

Aniline bluestaining of callose was performed to see if there are any observable differences in pollen
tube targetingbetween mutant and wild type pollerictp-1 +/- pollen was used to pollinatesl-1

pistils. As a negative contrahsl-1 pistils were pollinated witlCol0 pollen. Pollinated flowers were

24 HAP

0.75-
=
£0.50 Cross
§- [l ms1-1x Col-0
a [ ms1-1 x tetp-1 +/-
0.25-
0.00-
A B c
Category
48 HAP
0.75
.é 0.50- Cross
g8 B ms1-1x Col-0
o L] ms1-1x tetp-1 +-
0.25-

Category

Figure9. Aniline bluestaining of pistils from msil x tctp-1 +/- cross and control ms1 x Col0 crosscollected 24 HAP
and 48 HAP Stained pistils were observed on fluorescent Zeiss Axiovert microscope and each ovule was i
acategoryA, B or ®ased on humber of poltetubes targeting the ovule. Proportion of each category was estima
No statistically significant differences were found between-fngltctpl +/- cross and control msl x Col cros.
HAP¢ hours after pollinatiorScale bar 50 km.
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collected 24 h after pollination (HAP) and 48 HAP. Pistils were separated from remaining floral organs
and stainedor calloseaccording to aniline blue staining protocol. Stained pistils were observed under

UV light o a fluorescent Zeiss ApoTome microscope. It was possible to track individual pollen tubes.

Each ovule was categorized into one of thpdeenotypiccategories based on number of pollen tubes
targeting the ovuleg no pollen tube targetingtype A), targetng by one pollen tubetype B) or
targeting by 2 pollen tubesype C) Proportion of each category in a pistil was estimateigjure9).

24 HAP, a total of 340 ovulés =13 pistilg from ms1-1 x ColO cross and 523 ovuléa =19 pistil9

from ms1-1 x tctp-1 +/- cross were counted and placed into categories A, B or C. Proportion of ovules

in category A was 5.96¢c ®H Hifisk:1Axyctp-1 +/-, which was not significantly different from

65% n ®H di’x Ay OwayidrRP6). Propditriici ovideslimategory B was 80.44y ®c ¢z A Y
ms21 x tctp-1 +/-, which was not significantly different fro@7.34 y ®m 172 Ay O@&MdeENR f O NJ
0.31).Similarly, no significant difference was observed in the proportion of ovules in categamsE in

1xtctp-1 +-cross (3.5% T @y 072 0 | Y R 1642 yf (DMBal0>BhBER & 0

48 HAPa total of 331 ovulegn =12 pistil§ from ms1-1 x ColO cross and 423 ovuléa =14 pistilg

from msl-1 x tctp-1 +/- cross were counted and placed into categories A, B or @oRion of ovules

in category A was 6.46p ® m miiisl-1Axyctp-1 +/~, which was not significantly different from

785% c ®dH dir Ay OwayidrRE5). Propdit®riicd ovidelsdin category B was 86,38 ®p di’z A Y
ms21-1 x tctp-1 +/-, which was not significantly different froB%.8% p ®dpm: Ay OwdMeENR f  ONJ
0.54).No significant difference was observed in the proportion of ovules in categorgn€&lith x tctp-

1+-cross{.1l 0o dndi> 0 | Y R7.282 y @ NAILe SR .3 & 0

No differences in pollen tube targeting were observed betwessi-1 x tctp-1 +/- and the control

Cross.

Blue dot assay showed reducedute targeting byctp-1 pollen tubes

Thetctp-1 SAILT-DNA insertion carries a Lat&2US construct. It is thugsible totrack mutant and
pollen grains angbollen tubesusing GUS stainindlue dot assay was performed to evaluate ovule
targeting by mutant pollen tubesnsl-1 pistils were pollinated by heterozygotedp-1 +/- pollen. As a
negative controlmsZl-1 pistils were pollinated with pollen from heterozygous LaBl@S +/in wild-

type background24 HAP, pollinated pistils were collected and dissected under a stereomicroscope.
Pistils were stained with GUS staining siolntovernight at 37C. Stained samples were observed on a
microscope under transmitting light (Figui®). Pollen grains and tubes whicarried pLat52ZGUS

constructstained blue.

54



Each ovule was assigned a categéiigure 1). In category A, there was no blks&ined pollen tube
visible in the funiculus and in the micropyle. In category B,-btamed pollen tube targeted the ovule.
A blue dot was visible in the micropylar pole, indicating a burst of the tube. In categolye@ollen

tube reached the funiculus but either did not reach the micropyle at all or did not burst. No blue dot

ms1-1x Lat52-GUS +/-

Figure10. GUS staining of pistils frorms1-1 x tctp-1 +/- cross and control ms1 x
Lat52GUS +/ cross Three replicates showRollen tubes carrying GUS stained bl

Scale bar = 50@m.
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was observed in this case. A total of 1,025 ov(tkes42 pistilg from msl-1 x Lat52GUS +/cross and
1,015 ovulegn =38 pistil§ from ms1-1 x tctp-1 +/- cross were counted and placed into categories A,

B or C. Proportion of ovules within each pistil wamated(Figure 11)

Proportion of ovules in category Awasr ® n p 5 ym®HLy(etp-1A+i£ cross, which was significantly

higher than45.62, ¢ ®T ¢c’» Ay (0 K Svalul@ 2 ¢.60NERIri conbas®R gicdortion_df category B
ovules was significantly lower imst1 x tctp-1 +- ONRP &4 O MT ®dT dhpc Ponv G KI Y
onT ®phm: p-vabe $:0.001). arhdre was no significant difference in proportion of ovules in
OFrGS3a2Ne / 0S0GsSSy (GKS Ydzilyd opdmcveauer026r 0 | YR

Obtained result would be expected even if only pollen tube growth but not its targeting is affected. No
differences were observed in frequency of defective targeting events (category C)vétowased on
very low transmission of mutant allele and outcompeting of mutant pollen tubes by wild type, such

events might be too rare to detect in this experimental setup.

Y

0.8-
0.6-
C
.g Cross
S B ms1-1x Lat52-GUSH+-
204
a L] ms1-1 x tetp-1 +/-
0.2-
ns
T
& s A8 ¢

Figurell. Blue dot assayOvulesrom mstl x tctpl +/- cross andtontrol mstl x Lat52GUS +/cross were assignec
acategoryA, B or (hased ontargeting of blue-stained pollen tubg tctp-1 pollen tubes targeted significantly lowe
number of ovulesthan control Lat525US pollen tubes** p -value < 0.001** p-value< 0.01, pvalue < 0.05ns¢ p-
value > 0.05Scale bar = 5@m.
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TCTPIocalizatiorin male gametophyte
Gterminal GFRagged TCTP1 waseviouslyreported to be functionabnd complementedctp-1
mutant phenotype(Brioudes et al., 2010; Hoepflinger et al., 20¥8re, we usebdoth native
promoter and Lat52 pllen-specific promoter to drive the expression of TCGP/YFMBecause
expression of cDNBased TCTP1 construct under native promoter was very weak, genomic DNA

based construct was prepare@reated constructs are schematically depicted in Fig@re

plat52 TCTP1 (cDNA) YFP
pTCTP1 TCTP1 (cDNA) YFP
pTCTP1 TCTP1 (gDNA) GFP

Figure 2. Constructscreated for analysis of subcellular TCTP1 localization in mi
gametophyte YFR; yellow fluorescent protein, GERyreen fluorescent protein, gDN/
¢ genomic DNA, cDNAcomplementary DNA

TCTP1 localizea the cytoplasm of mature pollen and pollen tubes of pL-AtGZPIYYFP
transformed plants

Plants containing pLat5PCTPAYFP construatere selected on MS medium containing kanamycin (50
kg/mL) and weregrown on Jiffy peatsihe presence othe construct was verified bl CRyenotyping.

After bolting, mature pollen grains were observed on a Zeiss ApoTome fluorescent microscope to

confirm YFP signal.

Three single insertion lines containing pLalB2TPYFP transgene were selected and growno the

third generation. Flowers were collected approximately 1 week after bolting and pollen grains were
observed on a fluorescent confocal microscope (Nikon Spinning Disk). In parallel, pollen germination
medium was freshly prepared and pollen tubes weudtivated for microscopic observation on the

same microscope.

Fluorescent signal was observed in the cytoplasm of mature pollen grains, with a slight concentration
around vegetative cell nucleus (Figut8A). Cytoplasmic fluorescent signal walso obsewed in
growing pollen tubes. Signaloncentratedin the emergingpollen tube but was later uniformly

distributed in the growing pollen tub@-igurel3B,130).

Lat52TCTPAYFP construct was crossed itdip-1 mutant background
To verify if pLat5Z CTPAYRP construct can complemencttp-1 mutant phenotype, three selected
single insertion lines were crossed withp-1 +/- plants. Adctp-1 mutant allele has lower transmission

through the male gametophyte but unchanged transmission througheheale gametopyte, pollen

57



from pLat52TCTPYFP plants was used to pollinate emasculattotl +/- flowers. Plants carrying the
mutation were selected on MS medium supplemented with Basta herbicide and presence of the
pLat52TCTPAYFP construct was verified by fluorestmicroscopyPreliminary analysis suggests that
pLat52TCTPAYFP cannot rescue thetp-1 phenotype. However, this analysis is incomplete due to
time restrains Seedf fluorescence positive plants were harvested and currently, second generation
is growing. In this generation, plants homozygous for the pl-&aG2ZPAYFP transgene were selected
based on fluorescencand will be used to further analyze phenotypic resofictp-1 +/- plants upon
pLat52TCTPAYFP expression.

Figure B. Subcellular localization of TCTHEP under pLat52 promotefA) Maximum intensity
projectionof mature pollen graishowed signal accumulation around vegetative nucléBSignal
concentrated in the emerging patldube and was uniformly distributed in cytoplasm of growi

Spliced TCTP1 coding region was not expressed by its native promoter in pollen
To verify that a native promoter can drive TCTP1 expression, 2.5 kb sequence upstream of start codon
wasused to generatpTCTPICTPEDNAJYFP construct and transformed into both -Oandtctp-1

+/- plants.

20 Col0 plants transformed with pTCTPICTPEDNA)YFP were selected on a medium supplemented

with kanamycin and transferred on Jiffy peats. Construct presence was confirmebdygémotyping
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PCR. Approximately 1 week after bolting, flowers from these plants were collected for confocal
microscopy bmature pollen. However, in contrast to pLat3ZTPYFP construct, no fluorescent signal

was observed in mature pollen grains except for potiethwall autofluorescence (FigutetB). Seeds

from T1 generation lines with confirmed construct presence motging were harvested and plated

on MS medium. 7 days after germination, seedlings were screened for fluorescent signal on a confocal

fluorescent microscope. Weak fluorescent signal was observed (Figdye

Similarly tctp-1 +/- progeny transformed with the same construct was selected on MS medium with
kanamycin and 20 plants wereagvn on Jiffy peats. Construct and mutant allele presence was verified
by PCRgenotyping. Shortly after bolting, flowers were collected for confocal microscopy. Same as
Col0 transformants, no fluorescent signal was observed except for poléwall autofluorescence.
Seeds from PCpositive tctp-1 +/-plants were harvested and germinated on Basta selection. After
transfer on Jiffy peats, DNA from 81 plantgginatingfrom three independentransgenic lines was
extracted. No homozygousictp-1 plants could be recovered following PCR genotypifigis result
suggests that th construct cannot complemerre-fertilization or theembryo lethaltctp-1 mutant

phenotype.

Figure 4. Subcellularocalization of TCTRYFPGFPunder native pTCTPpromoter. (A) Fluorescent signal
was weak in root tip and only pollen autofluorescence was observed in mature pollen (B) in lines trans
with cDNAbased TCTPYFP construct. In contrast, strong sigmak observed in cytoplasm of root tip cells (
and mature pollen in genomic based TGTEP construdD). Scale bar 20 km.
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Nonspliced TCTFstrongly expressed under native promoter in pollen

Intron sequence might be involved in regulation of gene expression. As my work Wi RcDNA
based construct was unsuccessful, a genomic bésespliced TCTP&pnstruct including a 2.5 kb
putative promoter sequencepTCTPI CTP1(gDNAYyasconstructed This construct was recombined
with a destination vectoto produce aGterminal GFP fusion TCTP1 prof@iCTPIITCTP1(gDNA)
GFP. Prepared construct was transformed inbb@andtctp-1 +/- plants.

7 days after germination, a few selectadsistant seedlingswere used for confocal fluorescent

microscopyA grong cytoplasmidluorescent signal wasbserved athe root tip (Figurel4Q.

20 plants were transferred on Jiffy peats and grown further. 1 kvafter bolting, potential single
insertion lines were selected based on counting of @&$itive pollen grains on a standard
fluorescence microscope. Work continued with lirsk®wingl:1 ratio of GFpositive:GFhegative
pollen grains. Flowers from migte such lines were collected for mature pollen confocal microscopy
(Figure 14 D)In parallel, pollen tubes were germinated on a freshly prepared medium for confocal

fluorescent microscopy.

A signal with similar localization #se pLat52TCTPAYFP was observed. Fluorescent sigpg@eared
cytoplasmic irboth mature pollenand growing pollen tubeswith a slight accumulation around the

vegetative nucleus mature pollen (Figuré5). Fibekrlike structure were observed in pollen tubes.

Figure B. Subcelluladocalization of TCTP1 in mature pollen and pollen tulfglight accumulation of fluorescer
signal was observed around vegetative nucleus in mature pollen stained with DABIg(®) was observed ii
emerging pollen tube (B) and showed cytoplasmic loda@izan pollen tube (CHcale bar 10 xm.
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TCTPAYFP/GFP fusion protesmdetectabldy Western blot

To confirm that observed fluorescent signal pattern is produced by a TCAPGFP) fusion pedrt,

total protein was extracted from mature pollen of pLatSZTPAYFP and pTCTHCTP1(gDNAFP
transgenic lines. As a negative control, protein was extracted from mature pollen of untransformed
Col0 plants. Protein concentration was measured on Nawoplnd equal protein amount was boiled

with SDS sample buffer and loaded on two SDS/PAGE gels. After gel electrophoresis, one gel was
stained with CBB G250r a total protein stairand the other one was used for Western blot. First,
proteins were transfered on a cellulose membrane using wet transfer method. The membrane was
blocked and incubated with primary ar@FP antibody at°€ overnight. Following morning, primary
antibody was exchanged for secondary amthbit HRRconjugated antibody for 1 hr inbation at

room temperature. The membrane was washed, incubated with SuperBright solution, exposed using

chemiluminescence and imaged.

A protein band with size between 55 and 70 kDa was detewtgd anti-GFP antibodyn lanes
containing protein extracts®m mature pollen of all tested transgenic lingsgurel6). No GFP signal

was detected ircontrol Col0 pollen extract. Detected protein barmbrresponded to a fusiomCTP41

GFP protein in analysed samples. ld hehigher apparent molecular weight tharpected for TCTRP1

GFP fusion protein (47 kDa). This difference could be due to a biological cause (such-as post
translational modifications) or due to a partial denaturation prior to protein electrophoresis. Another
surprising resultvasthe slight differance between apparent molecular weightlodit52driven TCTP4
YFRCDSndthe native drivenT CTPAGFHrom genomic contexiThis could be explained by a possible
alternative splicing of CTP1in pollen.
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Figure B. Western blot with anttGFPantibody detected TCTPIFP/GFHRusion protein SDS/PAGE loadin
control stained with CBB250 and membrane after signal developm@ut0 protein extract from mature poller
was used as aegative control. Signal was detected in all three lines carn@ig”LYFP/GFP constructs.
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TCTP1 recombinant expressioikiroli

Recombinant protein expression in a heterologous bacterial system is widely used in research to obtain
high amount of protein of interestRecombinant proteincan be further utilized to uncover its
interacting partners, in structural studies, biochemics$ays or to generate antibodie®negoal of

my diploma thesis was to generateweorking E. colisystemexpressing recombinant TCTP1 from

Arabidopsis thaliana

AtTCTP1 heterologous protein expression in two vector systems

Based on literature, ecombinant TCTP homolog from the rubber trédeea brasiliens)swas
successfully expressed ih coliusing pET28 vector systefhi et al., 2013)As a part of this thesis,
similar pET29 vector systemwas chosen for expression of TCTP1 fidrabidopsis thalianaTCTP1
coding sequence was cloned in frame with asieNninal Stag and a @erminal His tag. These
biochemicaltags have low molecular weighwhich makes them less likely to interfere with pm

foldingand disturb its native conformatioand function

Reductive conditions ibacterial cytosolre not considered ideal for folding of proteins containing
disulfide bridgesProteins that require disulfide bonding in bacteria are secreted to the periplasm
instead Asdisulfide bonding might be important for TCTP1 function, TCTP1 was cloned into a pDEST
HisMBPvector containing signal for export into the periplashiCTP1 was tagged with artédminal
HisMBP tagFigurel?).

pET29 S-tag TCTP1 (cDNA) His 23 kDa

pDEST-periHisMBP - His - TCTP1 (cDNA) 61 kDa

Figure T. Constructs created for recombinant AtTCTP1 expression in Ewitblipredicted
molecular weight of tagged TCTP1. Hmlyhistidine rag MBE maltose binding protein, SP pe
¢ export signal into the periplasm

TCTPvassoluble at 26Cinduction

Different recombinant proteins are optimally expressed under different conditions, such as
temperature and time of incubation. Conditions for expression of each individual recombinant protein
should thus be optimizedBL21 CodonPlus competent cells were transfornveith prepared
constructs. Tiree different combinations of temperature and incubation time were tedmdTCTP1
expressiorusing pET29 CTP1 systerfi:h 37C, 20 h 28C and 20 h 3. Protein expression was either
uninduced (as a nhegative control) or irwhd with 0.4 mM or 1 mM IPTSolubleprotein fractionwas

extractedandanalyzed bysDS/PAGE dellowed by CBB5250total protein stain(Figurel8).
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Figure18. Optimization of expression conditions for AtTCTP1 expression in E. CEBG250 stained SDS/PAGE gt
with soluble protein extract from 3 different cultivation conditions; (@ hr incubation at 3%C, B- 20 hr incubation at
20°C, G 20 hr incubation at 3%C). Protein extract from uninduced bacterial culture a®gative ontrol. Position of
TCTP1 protein band marked witheal arrow.

A bandwith apparent molecular weightetween 15 kDa and 25 kRapeared stronger in the induced
bacterial extract a37°Cafter 6 hr incubation.The size corresponded to th@edicted recombinant
TCTP1 molecular weight (23 kDa). A significantly stronger band with the sameasiaieservedat
2(°Cafter 20 hr incubation. In contrast, nchanges were observed in band pattetr87°Cafter 20 hr
incubation.Longer incubation atigh temperature could cause insolubility of the recombinant protein.
Therewas noobservabledifference in protein production when using 0.4 mM IPTG and 1 mM IPTG.

Forall subsequent experiments, TCTP1 expression was induced with 0.4 mM IPTG for 28Ch at 2

Western blot and mass spectrometry confirmedtdgged TCTP1 expression
To verify that the observed prominent band is indeed athliged recombinant protein, Western blot
with primary rabbit antiHis antibody and a secondary ardbbit antibody cofugated with

horseradish peroxidase (HRP) was performed.

Total bacterial extract from uninduced and induced culture was boiled ir@ducing SDS buffer and
run on an SDS/PAGE gel. Electrophoretically separated proteins were transferrededinl@se
membraneand incubated with the antibodiesMembrane was incubated with SuperBright solution,

exposedusing chemiluminiscencand imaged

A band with apparent molecular weight between 15 kDa and 25 kDa was detected in both uninduced
and induced ample (Figure19). However, the signal was much stronger in the induced sample.
Expression of the recombinant protein in the uninduced culture could result from leaky expression
from the T7 promoter. Another strong band with apparent molecular weight betw#0 kDa and 55

kDa wasalsodetected. According to size, it could B8 CTP1 dimer (predicted 46 kDa).
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To verify that thestrong band isindeed Arabidopsis thaliand CTPlthe bandwas cut out of the
SDS/PAGgeland sent forliquid chromatographynass spectrometry sequemgj (LCMS/MS) which
was carried ouais a service at the protein facility ilBCE\YPragueProtein sequencing confirmed the
band was indeedtTCTP1Figure ).
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loading control CBB250 Anti-His + Anti-Rabbit (HRP)

Figure 19. Western blot with antiHis primary antibody. CBBG250 stained SDS/PAGE loading control and blot
membrane after signalevelopment. Signal was detected in protein extract from unindookdre (U), suggesting leaky
expression of recombinant H&gged protein. Signal was much stronger in protein extract from induced culture (I’
both monomeric and dimeric TCTP1 bandsendetectedU ¢ uninduced sample,dinduced sample, HRfFhorseradish
peroxidase

periHISVBRTCTR expression showed a complex pattern in the periplasm

To test proteinexpression inthe cloned pDESperiHisMBPsystem, ecombinantHISMBRTCTP1
expression was induced at ZDfor 20 twith 0, 0.4 and 1 mM IPTG. Proteins were extracted from the
periplasmic and the cytoplasmic fractiseparately An aliquot of eaclextract wasboiledwith 3x SDS
sample buffemandeach sample was loaded on an SDS/PAGE gel. Gel with electrophoretically separated

proteins was stained with CBB250.

A difference between band patterns of cytoplasmic and periplasmic fraction suggested that
fractionation was successfilstrongprotein band with size between 55 kDa and 70 kDa was observed
in induced extracts in both periplasmic and cytoplasmic fradfiégure20). The size corresponded to
HisMBPtagged TCTP1 (predicted 61 kDa). Anothemd appeared only in the periplasmic fraction
between 35 kDa and 40 kD&his result suggested possiblecleavage ofHigIBRTCTP fusion

recombinant protein in the peripsm.
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Periplasmic fraction Cytoplasmic fraction
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Figure20. pDES¥periHisMBP expression in periplasmic and cytoplasmic soluble frac@BBG250
stained SDS/PAGE gel with extracts from periplasmic and cytoplasmic fraction. HIEWMBP fusion
protein marked with avhite arrow and acleaved HIMBP tag marked with gellowarrow.

HistaggedAtTCTP1 was purified usimgmobilized metal affinitghromatographyfIMAC)

For further use inin vitro interaction experimentor biochemical assay# is necessary to purifian
expressedecombinant proteinSinceTCTP1 was tagged witlpalyhistidine tag(6x Histidine)n both
expression systemsiickel charged (Rf) coupled with nitriloacetic acid basdchmobilized metal
affinity chromatography(IMAG N-NTA purification system was tésd with extracts from both

expression systems.

Proteinextracts were incubated with NNTA agarose beads for 1 &ir4°C. The beads were washed
three timesand bound proteins wereeleased from the beadsith elution buffer containing 500 mM
imidazole An aliquot of éuted proteinwasboiled with SDS nereducing buffer. Samples were loaded

on a polyacrylamide gel, which was stained with GB350 after SDS/PAGE electrophoresis.

In pET29 system, two bandsrresponding to TCTP1 monomer (between 15 and 25 kDa) and dimer
(between 40 and 55 kDa) were purifi¢dtigure 2A). In pDESPeriHisMBPsystem, there was a

difference between the periplasmic and the cytoplasmic fraction. Two bands (s@ [BBa an®b5-
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70 kDa)were purified from the periplasmic fractiorOnly the higher size band (corresponding to

HisMBPTCTP) was purified from the cytoplasm fractidinis result further supports cleavage of

HisMBP tag in the periplasm.

MBRTrap efficiently purified MBfagged TCTP

MBRtrap (Chromotek) was tested for purification of HisMBETP1 proteif.otalprotein extract from
induced BL21 cells transformed with pDESHiIsMBPTCTP1 was incubated with agarose beads for
1 hr at 2C. Beads were washed thrédenes, 3x SDS sample buffer was added to the beads and the
mixture was boiledHigh temperature released captured proteins from the bedtlsatewas loaded

and run on SDS/PAGE. Polyacrylamide gel was stained wilG-Z8Band imaged.

MBRTrapefficiently captured two protein bands thiapparent molecular weights between 3® kDa
and 5570 kDa, which corresponded to-NiT Aeluate from the periplasmic fraction of pPDESTHisMBP

TCTPXFigure 4B). Therefore,both results complement the two purification systems used to purify
recombinant TTP1 expression.

A pET29-  periHisMBP-TCTP1 B periHisMBP-TCTP1
TCTP1 periplasmic cytoplasmic Eluate Unbound
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Figure21. Purification of tagged TCTP with MITA IMAC andVBP-trap. CBBG250 stained SDS/PAGE g@3Ni-NTA
agarose beads captured both monomeric and dimeric TCTP1 band from pET29 expression sydigtddiged TCTP:
from pDEST expression system in bothpesimic and cytoplasmic fraction. In addition, cleaved tag was pufifiedthe

periplasmic fraction(B) Cleaved tag and HisMBETP1 were purified from total soluble extract of pDEST expre
system.
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Recombinant TCTP1 could not be purified efficiently ugmgt&in agarose

Sprotein agarose beads (Novagen) were testedSteiggedTCTP1 purification. Total protein extract

from induced BL21 cells transformed wgkT29TCTP1 was incubated withp®tein agarose beads

for 1 hr at 2C under agitation. The beads were washed three times and bound proteins were released
using two elution agentg guanidine thiocyanate and magnesium chlorideboundfraction, initial

and final wash and eluates were boiled with 3x SDS sample buffer and loaded on a polyacrylamide gel.
Gel was stained with CBB250 after SDS/PAGE and imaged.

Weak protein band with size corresponding to TCTP1 was purified ugirge$h agarose beads.
Howe\er, the ntensity of the band in the eluate was comparable to washing frac(iBiggire 2). This

could result from low affinity of théagged protein to thébeads in tested conditions (protein did not
bind to the beads) or inefficient elution (protein remed bound to the beads after incubation with

elution agents)Therefore,S protein agarose was not usedfiollow up experiments.
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Figure22. Purification of Stagged TCTP with-Brotein agarose.CBBG250stained SDS/PAGE gel with unboundial
washng (Wash 1), last washing (Wash &)d eluate fractions. Two elution agents (Mg&hd GuSCNwere tested.
EfficientTCTPpurification could not be achieved usingr®tein agarose beads.
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AfTCTP1 dimerization

Human TCTP is known to dimerize via a terminal disulfide bridge. This dimerization is crucial to its
function in immune responseAtTCTP1 dimerizes withISTCTP in a bimolecular fluorescence
complementation (BiFC) experimefBrioudes et al., 2010)A goal of my thesis was to further
investigate AtTCTP1 dimerizatiomnd pinpoint critical amino acids for its dimerizatjonsing

recombinantTCTPExpresedin E. coli

MSA of eukaryotic TCTPs gave insight into pogdiid&TP1 dimerization mechanism

The interaction of TCTP frddomo sapienandArabidopsis thalianauggests that they might dimerize
using a similar mechanism. TCTP sequences from differentyetikkaspecies were downloaded from
the Uniprot database and were aligned using Clustditbg://www.ebi.ac.uk/Tools/msa/clustalg!/
Interestingly,a terminal cysteine residu€éC168 inArabidopsisTCTP1 and C172 in human TGi&®)

conserved not only in analysed animal species, but also in greenlipleage(Figure23A). Terminal

cysteine residue was not conserved in other eukaryotic organisat$), as yeast.

AtTCTP1 dimerizes vizysteinedisulfide bridge

To verify if recombinamAtTCTP1 can dimerize pET29 systenwe expressed the protein as described
previously Bacterial potein extractwas boiledwvith nonreducing SDS buffer, proteingre separated

on PSPAGE and Western blatas performedwith anti-His antibody. Apart from the monomeric 23
kDa band, a dimeric band (46 kDa) was identified (Fig@reAtTCTP1 in pET29 system thus appeared

as a promising tool to study dimerization of TCTP1 protein.

To further verify that TCTP1 dimerization is mediatedth® conserved cysteindisulfide bridge,
combinations of oxidizing agent (hydrogen peroxide) and reductive 4§anf were applied on total
protein extract. DTT as a reducing agent was expected igrught disulfide bridges. In contrast,
hydrogen peroxide as an oxidant was expectedptotect disulfide bridges from reductiolhis
experiment was inspired by a recent study of human TCTP difbeeset al., 2020)Recombinant
AtTCTP1 waaxpressed, antbtal protein was extracted from bacterial cells. Equal amount of protein
input was boiled with 3x SDS buffer, which was either-ramtucing (did not contain DTT) or was
reducing (contained 0.15 M DTT). Hydrogen perox{HgO,;) was added to the samples in

concentrations 800 mM prior to boiling.

Dimeric TCTP band was not observed in reducing SDS buffer with 1006@Mbwever, dimeric
band was observed in reducing SDS buffer with higher concentrations of hydrogen pera@iaM
and 400 mM. Dimeric band of similar intensity appeared in samples treated withaating SDS
buffer and all tested hydrogen peroxide concentrations (Fig2BE). This resultconfirmed that

AtTCTP1 dimerizes via a disulfide bridge.
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Mutated C168S T®T dd not dimerizein vitro

To verify our hypothesis that terminal cysteine residue is involved in TCTP1 dimerization, a mutant
variant of TCTPtecombinantprotein was created using site directed mutagenesis in a Gateway
PENTRICTP1 vector. Terminal ogiste residue was substituted for a serif@L68S)esidue. Serine is

an amino acid with similar chemical properties to cysteine but cannot form disulfide bridges. pENTR

TCTP1(C168S) was used as a template to clone the mutated TCTP1 sequence into pT29 vect

pPET29TCTP1 (C168S) mutant protein was expressed along with a wild type TCTPL1 protein, total protein
was extracted from bacterial cells and boiled either with mieducing SDS buffer (without DTT) or
reducing SDS buffer (containing 0.15 M DTT). Rreteivere separated using SDS/PAGE
electrophoresisDimeric band was observéulthe induced sample with the wild type TCTP1 sequence
but was not observed in-€S substituted mutantecombinant TCTP1(Figure 3D). This result

confirmed our hypothesis of @onserved TCTdimerization mechanism in human aAdabidopsis

Figure 23 (following page). Arabidopsis thalianaTCTP1 dimerizatian(A) Multiple sequence alignmenf eukaryotic
TCTPs(B)Homologymodel of AtTCTP1 dimer wishhighlighted disulfide bond. (Recombinant TCTP1 was incubat
with different concentrations of reductive DTT and oxidative hydrogen peroxide to confirm dimer formation is me
by adisulfide bond. (D) Mutant TCTP1 C3@8belled S168)id not form adimer in vitrq while wild type TCTP1 (labelle
C168) didMonomeric band labelled withlslue arrow and alimeric band with aed arrow.

PLAKN¢ Plasmodium knowlesi, PLAF7 Plasmodium falciparum, DICPYJ Dictyostelium pysureum, CAEEL,
Caenorhabditis elegans, HUMAMNomo sapiens, DROMBrosophila melanogaster, YEASJaccharomyces cerevisiat
CHABUg Chara braunii, MARP@ Marchantia polymorpha, PHYPAPhyscomitrium patens, SELMLSelaginella
moellendorfii, MAIZE Zea mays, ARATHArabidopsis thaliana, SOLTUSolanum tuberosum, TOBAM\icotiana
tabacum, AMBTG Amborella trichopoda, ORY&Drysa sativa (japonicap T Hdithiotreitol
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Recombinant expression of TCTP1 potential interacting partners
BRL2 and TTL3vere selected as possible TCTP1 interacting partners based on -a co
immunoprecipitation experimenpreviously performed in our laboratoryMy goal was to express

them in E. colsystem, purify them and perforim vitro pull-down experiment with TCTP1.

TTL3 and BRIEZpressionn pET29 expression system

For recombinant protein expression, coding sequence®8Ri2and TTL3were cloned in pET29
expression systenfFigure24). BRL2 is a transmembrane proteiwhich might be ch&nging to
express irE. coli To avoid expression of the hydrophobic membrane spanning segment, extracellular
and intracellulakinasedomains were cloneds gparae fragments(Figure24), according tAgha et

al. (2017). Cloned constructs were transformed in Btddon Plus(DE3) RIPL competent cells.

S-tag BRL2 (ECD) His 84 kDa

Figure 24. Constructs created for recombinant expression of potential TCTP1 interac
partnersin E. coliwith predicted molecular weight of tagged BRL2 and TTL&.gdighistidine
tag, KD¢ kinase domain, EGfextracellular domain

Induced epression of BRL2 intracelluteomain and TTL& 20°C incubatia
Conditions of BRL2 and TTL3 expression were optimized in a similar way as TCTP1. Different
concentrations (0, 0.1, 0.4 and 1 mM) of IPTG were tested to induce recombinant protein expression

in two different conditions; 6 hr incubation at 37C and 20 hmicubation at 20C.

Expression of a protein with apparent molecular weight between 40 and 55 kDa was inutfetG

in pET2BRL2(KDyansformed bacterial cells at 20 hr ZD incubatiorn(Figure 3). Molecular size of
this protein bandcorresponed to expected 42 kDa. d verify that thisbandis indeedAtBRL2 kinase
domain,the bandwas excisedfrom the geland sent forLGMS/MSprotein sequencing at BIOCEV.
Sequencing results confirmed it to B¢BRL2 and identified peptides aligned only with intracellular

domain sequence of BRI2gure S1

In the same conditions, expression of a protein with apparent molecular weight bet@@and 100

kDa was induced by IPTG in peT2Z23 transforme#. colcells(Figure B). Observed size corresponds
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77 kDa expected for expressed TTLBMS/MSsequencing results indeed confirmed that expressed

protein isAtTTL3Figure S
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Figure25. Optimization ofrecombinant TTL3 (A) and BRL2 kinase domain (B) expresSBB5250 stained SDS/PAC
gels with soluble protein extract from 2 different cultivation conditions (6 hr incubation°@ &7d 20 hr incubation at
20°C). Protein extract from uninduced bactegalture as anegative control. Position of induced protein band mark

with ablack arrow.
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BRL2 extracellular domairas highly expressed in the insoluble fraction

For expresion of BRL2 extracellular domasame conditions (AT 20 hr and 36 hr incubation) were
tested without any evident expression in the soluble cytoplasmic fraction. Two alternative
explanations were possible: either BRL2 ECD was not expressdid aatit was expressed in the
insoluble fraction. To maximize soluble protein expression, bacterial cultures were chilled on ice for 10
min after the induction and incubation temperature was lowered t®@.6Recombinant protein
expression wasininduced in the ontrol sample and induced by 0.1 and 0.4 mM IPPor to
centrifugal separation of soluble and insoluble fractions, an aliquot of total protein extract was taken.
An aliquot of soluble protein extract was kept in a separate tube. Remaining solutiorsec$an Ni

NTA purification Total protein extract, soluble fraction and-NTA eluate were boiled in a reducing

SDS sample buffer and run on SDS/PAGE electrophoresis. Gels were staine@25CBBd imaged.

IPTG (mM) 0 0.1 04 IPTG (mM) 0 . } IPTG {mM) 0 0.1 0.4
[kDa] [kDa] T

[kDa]

170 e— 170

130

170

130  — 130

100 -

70 .Db
- -

100 100

70 70

55 55

40 40

35 35

EERE I
trLeen

25 25

Total protein Soluble fraction Ni-NTA purification

Figure 26. Recombinant BRL2 extracellul@lomain expression CBBG250 stained SDS/PAGE gels with total prot
extract, soluble protein extract and NITA purification eluatédJninduced bacterial culture asreegative control. Position
of induced protein band marked withbdack arrow.

In total protein extract containing proteirfsom both insoluble and soluble fraction,sérongprotein

band with apparent molecular weight between 70 and 100 kids observed in the IPTi@duced
samples which corresponds to predicted 84 kigure B). In contrast, no difference in protein

profile was observed between control and induced samples in the soluble fraction. This result suggests
that produced BRL2 ECD is largely insoluble. To verify if at least some of the expressed protein is
soluble, NiNTApurification was performed. aveak band was observed on a gel with eluate between

70 and 100 kDa. Interestingly, this band was stronger in the uninduced control than in induced
samples. This band was cut out of the gel with a sterile scalpel and sesgdoencing to BIOCEV.

Mass spectrometry confirmed it to b&tBRL2.
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Both TTL3 and BRW2re purified by NNTA fordownstreamexperiments

For further use inn vitro interaction experimentsrecombinant proteins must be purifieRurification

by Ni-NTA ageose was tested in the same way as descrifedecombinant TCTPL1. It was possible to
purify both BRL2 intracellular domain and TTH8wever, some nonspecifitands appeared in TTL3

eluate, which could be potentially prevented by larger number of washes.

Along with recombinant TCTP1, BRL2 and TTL3 were planned to be used for in vitro interaction
experiment. The experiment was planned as follows: Hisk4BBed TCTP1, HisMBP control, BRis2

and TTL3Hiswould be purified with NNTA matrixUsing dialysis techniquelution buffer containing
imidazole would be exchangddr a Trisbased buffewithout imidazole HisSMBPTCTP1 woulthen

be incubated together with BRi2is and TTL-Blis. As a negative coolr HisMBRag onlywould be
incubated with BRIL-Blis and TTLBlis. MBRTrap matrix would be employed to purify protein

complexes.

As can be seen in FigugZ, moreor-less pure recombinant proteins for this experiment could be
obtained. However, due tdack of time, planned in vitrpull-down experiments werdnitiated but
could not be fully completed to be included into my thesis. At the beginning of mynalipfroject,

methods for bacterial protein expression waret yet established in the Laboratory of Pollen Biology

His-MBP TCTP1- His-MBP BRL2

control  His TCTP1 KD-His | 1-3His
[kDa]
170 B
130 | —
100
o - —
— -
& -—
40 —
© -—
35 -
c - —
| — —

Figure27. Ni-NTA purification of recombinant proteins for in vitro pedlown experiment CBBG250 stained SDS/PAC
gels with NINTA puffication eluate of proteins intended to be further used in in vitro interaction experiments
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Discussion

In this thesis, TCTP1 homolog in modedbidopsighalianawas studied Knowledge about TCTP in
plants is rather scarce in comparison to animaddel organismsln this thesis, TCTP1 homolog in
model organismArabidopsis thalianavas studied. This work mainly focused ®@TPZXole in male
gametophyte developmentits putative interacting proteinand its potential homodimerizatianT-
DNA insertionline tctp-1 was characterized with a focus on pollen tube growth gudlen tube
targeting deficiency To analyzeT CTPZExpression and subcellular localization in mature pollen and
pollen tubes, gDNA and cDNbased constructs driven by®kb native promaeer or pollenspecific
Lat52 were cloned and transformed An thaliana(pTCTPTCTP1(gDNAFP, pTCTHICTP1(cDNA)
YFP and pLat5PCTP1(cDNA)FR. Recombinant TCTP1 was produced in heterologbusolisystem
andutilized in study of TCTP1 dimerization. Finally, potential interacting panveresexpressed ik.

colisystem for future interaction experiments.

Mutant allelesare an important tool in plant biology. Phenotypic differences in mutant plants in
comparson to wild type plants can provide a valuable insight into gene function. Characterization of
tctp-1 line was initiated in already published studi@erkowitz et al., 2008; Brioudes et al., 2010;
Hafidh et al., 206b). As a part of this thesi$ctp-1 mutant allele transmission was analyzed. While
tctp-1 allele transmission through female gametophyte was unaffected, a significant decreagie in

1 transmission was observed through male gametophyte, confirmiryipusly published results
(Berkowitz et al., 2008; Hafidh et al., 2016bhis study revdad ayet undocumentedifference in
tctp-1 transmission through the male gametophyte between apical and basal half of the silique
Analogous experimerytointed to animpaired pollen tube growth itipl mutant (Schiefelbein et al.,
1993) Decreased mutant allele transmission coalsobe caused by defective pollen tube targeting,
like inerumutant (Schoenaers et al., 201 Pollentube guidance was reported to be disturbeddtp-

1 pollen previouslyHafidh et al., 2016b)in this work, ovule targeting by mutant palléubes was
indeed decreasedDifferences in frequencies of mutant pollen tubes arresior to fertilizationor
ovules targeted by multiplpollen tubeswere not observed betweemsl-1 pistils pollinated byctp-

1 +/- pollen and control. Howeveinterpretation of these results is not straightforward. As mutant
pollen tubes grow slower and are outcompeted by wild type pollen tutetctive targeting events
might be too rare to detect witlhis experimental setuplt could be useful to create tatp-1 -/- line
complemented with a construct driven by a sporophytic promoter (such as 35S) and observe pollen
tube growth and targeting. 35S promoter activity is assumed to be dovabsentin the male
gametophyte Brioudes etal. (2010) did not observanyphenotypic defects in the male gametophyte
and attributed previously published results to different cultivation conditions. Instesdbryo

lethality of tctp-1 homozygousndividualswas reported(Brioudes et al., 20105eeds segregated in
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tctp-1 +/- siliques in 3:1 ratio (green: whitéBrioudes et al., 2010yhite seeds with delayed embryo
development were observed atp-1 +/- siliquesin previous study in our laboratory and in thiesis
(Hafidh et al., 2016b)rheirnonuniform distribution withintctp-1 +/- siliguesuncovered in this work
further supported TCTP1 involvement in pollen tube growlb. gather more evidence for this
hypothesis, performed experiments could be repeated in anotogr mutant allelg(s) in future. A
different |DNA insertion line (such &stp-2 used inBrioudes et al., 201@r mutant lines created by

CRISPR/Cas9 mediated mutagengsigrently under characterization in our laboratary)

Mutant complementation isa powerful method that can confirm a proposed gene function. Embryo
lethal phenotype was previously complemented in batitp-1 and tctp-2 mutant lines with GFP
tagged TCTP1 construct under both native and sporophytic 35S pro(Boitendes et al., 2010Both

N- and CGterminal GFRagged TCTPL1 constructs resctetg -/- homozygous individuals. Functionality

of Gterminal GFRagged TCTP1 was independently confirmed istudy of tunicamycianduced
programmed cell deatliHoepflinger et al., 2013)n this work, @erminal GFP/YFP constructs under
both native promoter and pétn-specific LatSgpromoter were clonedcDNA based pTCTHCTPL

YFP construct did not rescue embryo lethal phenotype. This could be explained by low expression of
this constructDue to lack of time, abilitgf remaining constructto rescue phenotypic ferences in
tctp-1 mutant line was not assessed. However, we can at least speculate &bmtations of this
experiment. Gterminal GFP tag could interfere with TCTP1 dimerization. Little is known about its
importance inplants In human, TCTP1 dimeriiat is crucial for its extracellular function in immune
responsgKim et al., 2009)TCTP was identified in tobacco pollen tube secretama hihly secreted
protein (Hafidh et al., 2016b)Unpublished data irArabidopsis thaliangollen tubes from our
laboratory indicate that TCTR4 a secreted proteinAs an alternativelN-terminal GFRagged TCTP1

construct could be cloned and transformed into plants for complementation analysis.

Available RNA&eqg data show higi\tTCTPZXxpression in different developmental stagé&SFgPCR
confirmed TCTPExpression in all analyzed tissu@erkowitz et al., 2008800 bpTCTPpromoter
showeda constitutive transcriptional activity, but longer promoteagments initiated transcription in

a tissuespecific manne(Han et al., 20161n this work, weak fluorescent signal was observed in roots
and no fluorescent signal was observed in mature paleh. thalianatransformed with a cDNA based
TCTPAGFP construct driven by a52kb promoter. Multiple studies in plants point torCTP1
transcriptional regulation. Fanstance TCTP&xpressiorwasupregulated by biotic and abiotic stress
e. g. flooding stresgChen et al.2014) salt stress(Deng et al., 203,6Meng et al., 2017)low
temperature (Deng et al. 2016) and high temperature stresgMeng et al., 2017) Apart from
transcriptional reglation, geneexpression can be regulated @asttranscriptional level as welPost

transcriptional regulations associated witff CTRince its discovery in mouse mod¥kenofsky et al.,
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1983) Previously published resulitsdicated similaregulation mechanissin plants.Brioudes et al.
(2010)observed a different protein expressiatternin genomic GFRgged TCTPL1 lines containing

p O 10\ GNI Y&t | (SR -taydedTCERL Bnesilagkihg thege ele@en®S. ! ¢w | YR 00
contain RNA motifs known to regulate mRNA translatibm.this study, a difference itines

transformed with a gDNAased TCTRPGFP and a cDN#ased TCFFFRvasobserved. Expression of

both fusion proteins was driven byskb nativeTCTPLINE Y2 1 SNJ I YR 062G K O2y a i NHzC
FYR f1 O1SR 00! ¢ wdhoah Knfaitéhce NiSniraix i régulatidnfofygéne expression.
Intron-mediated enhancement @jene expression has been known for at least 35 years in {@atss

et al., 1987) A computationd tool of intron mediated enhancement IMEterguicted first TCTP1

intron to be very likely enhancinBCTP3ene expression.

Protein subcellular localization can give an insight into its function and possible interacting partners.
In this work subcellular localization was analyzed in the roots, in mature pollen and in growing pollen
tubes. In all threecell types fluorescent signal was localized in the cytoplasm and no signal was
observed in the nucleu®resence of TCTRAFP fusion protein & confirmed by Western blot with
anti-GFP antibodieAtTCTP1 subcellular localization was previously examined in a different system.
Similarly, fluorescent signal was observed in the cytoplasm of epidermal cells in stablatp83%1

GFP linegHoepflinger etl., 2013) TCTPgcellular localization has also been analyzed in other TCTP
species.GFPtagged cucumber CSTCTP1 and CsTCTP2 localized exclusively in the cytoplasm of
benthamianaleaves andA. thalianaprotoplasts(Meng et al., 2018)In contrast, tobaccOtTCTFGFP
localized in the nucleus and colocalized with ER, Golgi vesicle, and exosome maxKEGTIRGFP
transformed tobacco epidermal ce(ldafidh et al., 2016bNuclear and ER localization of tobacco TCTP
was documented in another studyao et al., 20155ubcelllar localization of TCTP might be dynamic
and change in response to different stimuli. @&ffged tomatoSITCTP homolog transformed into
Nicotiana benthamianaepidermal cells localizkto both cytoplasm and nucleus. However, its
localization is exclusivelgytosolic when tobacco plant is infected by Pepper yellow mosaic virus
(Bruckner et al., 2017 CTP subcellular localization was m@d to change in different cell cycle
phases in animal cell lin¢&achet et al., 1999roteinprotein interactions might have an impact on
subcellular dcalizationand function In tobaccoNtTCTP binds to ethylene receptor NTHK1 localized
in the ER(Tao et al., 2015)A posttranslational modification sumoylation plays a role in nuclear
transport (Munirathinam and Ramaswamy, 201f)human TCT.H o my knowledge, this study is the
first report of TCTP1 subcellular localization in poll&n. accumulation of fluorescent signal was
observed around vegetative nucleus in mature pollen. In poligibe$, fluorescent signalas
cytoplasmic andappeared to form a filamentous structure. Actin is known to form filamentous

structures in pollen tubes. TCTP colocalizatiath \actin was previouslgocumented in animal cell
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lines(Bazile et al., 2009However, TCTP has not yet been associated with actin in plants. It could be
interesting to analyze a potential colocalization of TCTP with actin and other organellar markers in

mature pollen and pollen tubes.

Based on transcriptomic and proteomic datd Plexpression is highly upregulated in pollen. TCTP1
protein was identified in the first published pollen proteorfi¢olmesDavis et &, 2005) In thiswork,

strong fluorescent signal was observed in mature pollen and growing pollen tub&s thaliana
transformed with GFPagged TCTP1 under the control of native promobdutant characterization
results indicated a possible TCTP1 role in pollen tube gromtdrestingly, tip growth was impaired in

root hairs of TCTPkilencedA. thalianalines (Berkowitz et al., 2008)in animals,TCTPhas both
intracellular and extracellular functionéccording to BioGrid database, more than 250 proteins were
found to interact with human TCTP using both higloughput and lowthroughput methods.Some

TCTP functions and interactors are evolutionary conserved. TCTP1 is involved in regulation of
translation elongatiorin human It interacts with elongation factors eEF1A and eEFRIEans et al.,

2003; Langdon et al., 2004js interaction with eEF1IB gl & NBLIR2 NI SR (2 0SS Sg2f
(Wu et al., 2015)Protein synthesis is critical for pollen tube growth and application of translation
inhibitors leads tdPTgrowth inhibitiono 2 | L3 2 @F (1 2 @t . 9SSAMmItaneiEA. thiadiaynan O
has a dwarf phenotypeeminiscent oftctp-1 -/- nutrient rescued individualg§Hossain et al., 2012)
However, m defects in pollen tube growth were reportefl. C m has medium level expression in
pollen according to Genevestigatdn our laboratory, interaction of CTR with translation initiation

factor elF3iwas reported.Silencing otlF3iexpressioried to dwarf seedling phenotype and reduced
fertility (Jiang and Clouse, 200TCTP in various organisms includghalianabinds calciun(Yong

Min et al., 2012)Calcium ion dynamics is critical for pollen tube germination and growth (summarized

in Yang et al., 2021As both higkaffinity and lowaffinity calcium binding sites are present on TGITP,
could influence calcium homeostagisP T Another possible function of TCTP in a pollen tube could be
related to its cytoskeleton bindinghere are reports of TCTP interaction with batiin filaments and
microtubules in literaturgGachet et al., 1999; Bazile et al., 20@)toskeleton organization is critical

for pollen tube growth (summarized iFu, 2015)Bazile et al. (200%uggested TCTP to mediate the
interaction between microtubuleand microfilament cytoskeletal system within a célpart from its
intracellular functions, TCTP1 could haae extracellular function irpollen tube growth and/or
guidance. Even though it does not contain a signal peptide, it was identified in secretome of tobacco
pollen tubes(Hafidh et al., 2016bHuman TCTP is secreted via a +stassical secretion pathway
(Amzallag et al., 2004%ecreted protein could hypothetically act in an autocrine manner or mediate

malefemale crosstalk
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TCTPL1 pollen tube interactome could broaden our knowledge about its function in pollen tube growth
and guidancePotential TCTP1 interacting partners involved in rfal@ale communicatiorwere
identified in a cacimmunoprecipitation experimenin our laboratory (unpublished result§RL2 and
TTL3 were selected famteraction verification by bimolecular fluorescence complementation amd

vitro interaction experiments As a part of this thesiSTCTP1BRL2 and TTL3 were successfully
expressedn bacteria.Recombinant TCTPs framultiple plant speciesncludingArabidopsis thaliana
were successfully produced i colbefore (Brioudes et al., 2010; Li et al., 2013; Meng et al., 2047)
previous unsuccessful attempt to express TTLB.inoliwas reported(AmorimSilva et al., 2019)n
thiswork, TTL3 was fused withHistag, in comparison to GST tag useddimorim-Silva et al. (2019)

Use of a different tag couldave animpacton protein expression. Heterologous expression of kinase
domain of BRL®%asreported in literature(Clay and Nelson, 2002)his thesis is thérst report of a
successful expression of BRL2 extracellular domain. In this case, the recombinant protein accumulated
mostly in the insoluble fraction and only leaky expression from T7 promoter led to soluble expression,
which corroborates previous regsl with LRR (leucine rich repeat) domain bRRK2 kinase
(Vancraenenbroeck et al., 201Fverthoughin vitrointeraction experiment could not be performed

due to lack of time, | would like f@oint out some of its limitationsln vitro pulidown will detect only
direct interaction of two proteins. However, their interactionuld potentially beindirectin a protein
complex. Proteirprotein interaction could be dependent digand binding andgosttranslational
modificatiors. Upon activation, BRL2 kinase dimerizes and undergoes autophosphorylaficm
expressed irE. colisystem,BRL2 kinase domapossessed kinase activi(€lay and Nelson, 2002)
Binding of its interacting partners depended ibmphosphorylation(Ceserani et al., 2009¥tudies of
animal TTTP pointed to a role of TCTP phosphorylation in interaction with the mitotic sgiaiie.,
2002) Calaum binding inA. thalianaaffected TCTP1 microtubule bindifyongMin et al., 2012)If

the interaction experiments indeed confirm an interaction of TCTP1 with BRL2 and/or Orih&, f
experiments are necessary éxplainits importance of TCTRf context of plant reproduction. Mutant

characterization obrl2 andttl3 mutants did not report any defects in plant reproductisa far.

TCTP in mammals forms homodimé€Yson et al., 2000)ts selfassociation is crucial for its function

in immune responséKim et al., 2009)Iinterestingly AtTCTP1 dimerized witHSTCTP in a bimolecular
fluorescence complementation experimeriBrioudes et al., 2010)The mechanism oHsSTCTP
dimerizationwaselucidatedand a its structure was experimentally determinecs 2 NB S G Al f &2
disulfide bridge is formed between terminal cysteine residues (C1HBIGCTR)When primary TCTP
sequences from different eukaryotic species were aligned, we found out that terminal cysteine residue
was conserved not only in animal but also in green plant lineage. This led us to formulate a hypothesis

that AtTCTP1 homodimerizes & similar mechanism aslSTCTP. We indeed confirmed terminal
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cysteine residue was important ltTCTP1 dimerizatiolRecombinantAtTCTP1 expressed E coli
homodimerized in pET29 expression system but did not dimerize in p#EEiISMBP systermivViBR

tag was attached to the Nerminus of TCTPBased on the homology modé,and C termini ofCTP
proteinare very close to each other. A possible explanation could be ttetrhinal MBP tag sterically
hindered dimer formatiorof HisMBRagged TCTR1n this work, we confirmed thatAtTCTP1 can form
dimers inin vitro conditions we can only speculate about function of TCTP1 dimerization in plants.
Disulfide bond formation can benportant for native protein folding and function. For example,
intramolecular disulfide bonds in RALF4 peptide are critical for binding to LRX receptor kinase in pollen
tube plasma membrane and regulation of cell wall integrity path\ildpussu et al., 2020)Even
though exceptions were found,sulfide bond formation irplant cellsis mainly catalyzed by protein
disulfide isomerasem the endoplasmic reticulunMarshall et al., 2010Ewen though TCTP lacks a
signal peptide in its primary sequence, tobabttd CTP homolog colocalized with ER and Golgi markers.
GFPtagged TCTP1 lines generated in this work could be used for analysis of colocalization with
organellar markers irA. thalianapollen and pollen tubesSimilar to RALF peptidd,CTP dimer
formation could be important foits extracellular function In human, TCTP dimer is functional in
immune response when it is secreted from the ¢&lim et al., 2009)in future, detection of TCTP1
dimers in protein extracts from plant tissue could be attempted. There is no commerciallgbdeail
antibody againsfA. thalianaTCTP1 yet. Recombinant TCTP1 createdis thesis could be used to

raise the antibody or alternatively, FLA&ged lines could be generated for this purpose.

81



Conclusions

Goals of this thesis wertilfilled, with some only partially. More critically, valuable matengs
created and most likely will contribute to a future publication in an impacted joufaah@lianastable

TCTP1ransgenic lines and functionBl colrecombinant protein expressn system).

Goal 1: Phenotypic characterization of tctb -DNA insertion line with focus on pollen tube growth

and guidance

Characterization dttp-1 SAIL line pointed to TCTP1 role in pollen tube growth and guidance. Obtained
results suggestedreadditional approach will be necessary to achieve a conclusive assessment of the

pollen tube targeting phenotype.

Goal 2:Analysis of subcellular localization of TCTP1 in Arabidopsis thaliana mature pollen and pollen

tubes

GFP/YHRagged TCTP1 localized in thgtoplasm of mature pollen and pollen tube. Signal
accumulated around vegetative nucleus in mature pollen. Experiments pointed to a yet unreported
influence of the intron sequence in the regulation ®CTPlexpression ingametophyte and

sporophyte
Goal 3:0Optimization of recombinantAtTCTP1 expression i coliand its purification

AtTCTP1 was produced iwo expression system (pET29 and pDRS&THiIsMBP) and cultivation

conditions were optimized. Tagged protein was successfully purified wiTHNiIMA@nd MBPTrap
Goal 4:Verification of AtTCTP1 dimerizatiom vitro

AtTCTP1 expressedhn colhomodimerizedn vitrovia a disulfide bond. Skgirected mutagenesis of
terminal cysteine (C168) residue confirmedistimportant for TCTP1 dimerization Arabidopsis

thaliana, similarmechanism as ianimals.

Goal 5:Recombinant expression of selected potential TCTP1riatéing partners BRL2 and TTL3 and

in vitro pull-down experiment

BRL2 intracellular domain, BRL2 extracellular domain and TTL3 were expreBsemliaxpression

system. Puldown experimentvas not performed due to time restraint.

Conferences
This workwas presented as a poster at2BCSPR (International Gference on Sexual Plant

Reproduction) in June 2022 in Prague, Czech Republic
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Supplement

Figure SL. Alignment of L@&MS/MS identified peptides with (A) TCTP1, (B) BRL2 and (C) TTL3 seqRL2 was
expressed as an intracellular kinase domain and aligns to this region (B). Detected modifications might be an ar
sample preparation.
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