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Abstract

Tobacco mature pollen rehydratesvivo on a stigma tissue, and develops
into the rapidly-growing pollen tube. This rehydoatprocess is accompanied by the
de-repression of stored mRNA transcripts, resultingthe synthesis of novel
proteins. Furthermore, such metabolic switch i® dilsely to be regulated on the
level of post-translational modifications of theeady-present proteins, namely via
phosphorylation, since it was shown to play a s$icgunt regulatory role in numerous
cellular processes.

Since only a minor part of proteins is phosphoedain a cell at a time, the
employment of various enrichment techniques is lisah key importance. In this
diploma project, metal oxide/hydroxide affinity ommatography (MOAC) with
aluminium hydroxide matrix was applied in ordeetwich phosphoproteins from the
mature pollen and the 30-minutevitro activated pollen crude protein extracts. The
enriched fraction was separated by both 2D-GE atdrge liquid chromatography
(LC) approaches with subsequent mass spectromeiatyses. Collectively, 139
phosphoprotein candidates were identified. Addéllyn to broaden the number of
phosphorylation sites identified, titanium dioxiggosphopeptide enrichment of
trypsin-digested mature pollen crude extract watopmed. Thanks to the titanium
dioxide enrichment, the position of 51 phosphoiglatsites was identified giving a

total of 52 phosphorylation sites present in thevalphosphoprotein candidates.

Key words: male gametophyte, mature pollen, tobactbcotiana tabacum
phosphoproteomics, phosphoprotein enrichment, MOA@tal oxide/hydroxide
affinity chromatography, titanium dioxide, TiQaluminium hydroxide, Al(OH)



Abstract in Czech

Po dopadu na bliznu se zraly pyl tabdku rehydrataigivuje a klEi z rgj
pylova |I&ka. Rehydratace je doprovazena de-represi sklagiokamRNA, z nichz
se syntetizuji nové proteinyfiRyvoji zralého pylu v rychle rostouci pylovoucku
se velmi pravépodobré uplatuji také posttranstami modifikace proteif, konkrétré
fosforylace, jez se podili na regulaci cidéy bur¢nych proces.

Vzhledem ktomu, Ze pouze maly podil proteije v daném okamziku
v buice fosforylovan, byva nevyhnutelné vyuzit BejjSi obohacovaci techniky.
Pro obohaceni fosfoprotdire celkového proteinového extraktu zralého pyluyl p
aktivovanéhoin vitro 30 minut byla v této diplomové praci aplikovanangni
chromatografie s vyuzitim kovového oxidu/hydroxiMOAC), kde byl matrici
hydroxid hlinity. Ziskana obohacena frakce byla diddena nezavisle dima
metodami; klasickou dvojrozgmou elektroforézou (2D-GE) a kapalinovou
chromatografii (LC). Hmotnostni spektrometrii (M8Yyly analyzovany vzorky
ziskané obma zmisoby dleni, a celkem tak bylo identifikovano 139
fosfoproteinovych kandidat Fosfopeptidové obohaceni vyuzivajici oxid titéwi
vedlo klokalizaci 51 fosforylmich mist, a tak rozSio pocet pesre

identifikovanych fosforyl&nich mist na celkovych 52.

Kli¢cova slova: santi gametofyt, zraly pyl, tabak,Nicotiana tabacum
fosfoproteomika, obohacovani o fosfoproteiny, MOA&fnitni chromatografie
s vyuzitim kovového oxidu/hydroxidu, oxid tit&ty, TiO,, hydroxid hlinity,
Al(OH)3
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Abbreviations

%C — bisacrylamide concentration

%T — total concentration of acrylamide and biskanyde monomer
1D — one-dimensional

2D — two-dimensional

2D-GE — two-dimensional gel electrophoresis

ABC — ammonium bicarbonate

ACN — acetonitrile

Al(OH);  —aluminium hydroxide

ANOVA - analysis of variance

ATP — adenosine triphosphate

BSA — bovine serum albumine

CBB G250 - Coomassie Brilliant Blue G250

CHAPS — 3-[(3-Cholamidopropyl)dimethylammonio]-iepanesulphonate
CID — collision-induced dissociation

Cys — cystein

DHB — dihydroxybenzoic acid

DTT — dithiothreitol

EDTA —2,2',2",2"-(ethane-1,2-diyldinitrilo)taacetic acid
EPP — EDTA/puromycin-resistant particle

ESI — electrospray ionization

EST — expressed sequence tag

HILIC — hydrophilic interaction liquid chromatogray
ICP-MS — inductively coupled plasma mass specttpme
IEF — isoelectric focusing

IMAC — immobilised metal ion affinity chromatogiay
LC — liquid chromatography

ME — 2-mercaptoethanol

MES — 2-N-morpholino)ethanesulphonic acid

Met — methionine

MOAC — metal oxide/hydroxide affinity chromatoghgp
MRNA — messenger ribonucleic acid

MS — mass spectrometry



MS/MS — tandem mass spectrometry

m/z — mass-to-charge ratio
pLC — micro liquid chromatography
nLC — nano liquid chromatography

Phos-Tag  -,3-bis[bis(pyridin-2-ylmethyl)amino]propan-2-oladizinc(ll) complex

pl — isoelectric point

pPKa — acid dissociation constant

PLGS — ProteinLynx GlobalSERVER

PolyMAC - polymer-based metal ion affinity capture

ppm — parts per million

pS — phosphorylated serine

pT — phosphorylated threonine

pY — phosphorylated tyrosine

Q/TOF — quadrupole coupled to time-of-flight MSabizer
rRNA — ribosomal ribonucleic acid

RuBP — ruthenium 1l tris (bathophenanthroline ghkonate)
SAX — strong anionic ion-exchange chromatography
SCX — strong cationic ion-exchange chromatography
SDS — sodium dodecyl sulphate

SDS-PAGE - sodium dodecyl sulphate polyacrylangieleclectrophoresis
Ser — serine
SMM-MES - sucrose-mineral medium buffered with MES

TCA — trichloroacetic acid

TFA — trifluoroacetic acid

Thr — threonine

TiO, — titanium dioxide

Tris — 2-amino-2-hydroxymethyl-propane-1,3-diol
Tyr — tyrosine

viv % — volume percentage concentration

wiv % — weight/volume percentage concentration
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1 Introduction

Angiosperm male gametophyte represents a uniquelnimdstudies of plant
polarity, tip growth, and translation regulationofys et al., 2000; Hepler et al.,
2001). The desiccated mature pollen grain is redtedr after reaching the stigma
tissue, and subsequently, the pollen tube grovatttsstapidly.

The rapid pollen tube growth is to a great extesdlised due to stored
MRNAs that have been repressed during the matulkenptevelopment, and are de-
repressed upon pollen activation. Such de-repnessovell as functional regulation
of the already-present proteins is very likely te bBccompanied by protein
phosphorylation.

Many phosphoproteomic techniques have newly evoleedhave been
notably improved in the past decade (see Dunn,2@10; Eyrich et al., 2011). Such
development of phosphoproteomics was enabled (amibregs) by improvements in
mass spectrometry (Boersema et al., 2009; Yated.,eP009). Because of these
newly designed or improved protocols, these tealesdoecame more efficient and
available also for less explored models such aacimbmale gametophyte.

The first aim of this diploma thesis was to apply he phosphoprotein-
enriching aluminium hydroxide metal oxide/hydroxide affinity chromatography
(MOAC) in order to enrich phosphoproteins both of bbacco mature pollen and
of pollen activatedin vitro for 30 min. The enriched fraction was separated by both
2D-GE, and gel-free approach applying nLC-ESI-Q/T@Bulting in a list of
identified phosphoprotein candidates. The enrichingpecificity was validated by
phosphorylationin vitro and one-dimensional SDS-PAGE gel of MOAC fractions
stained with ProQ Diamond Phosphoprotein Gel Stain.

The second aim of this diploma thesis was to idefii exact
phosphorylation site(s) in at least several phospingation candidates identified
by the above phosphoprotein-enriching approachTo achieve this, the mature
pollen crude extract was trypsin-digested and phogeptide-enriched by titanium
dioxide.

The acquired list of phosphoprotein candidates ttage with several
phosphorylation sites will be used in the futureaastarting point for subsequent

functional analyses of the selected proteins.
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2 Literature survey

2.1 Angiosperm life cycle

Tobacco (Nicotiana tabacum) ranks among angiosperm plants
(Angiospermae, Magnoliophyta). Angiosperms likeeotplant taxa are typical for
metagenesis — the alternation of two generatiofierisig in ploidy during the life

cycle (Fig. 2.1). The adult plant represents thpodll sporophyte, and produces in its

meiosis

9 SPORES (n) 6\

megaspore microspore

GAMETOPHYTE (n) l \

embryo sac pollen tube

LS

l
?

SPOROPHYTE
(2n)

-

adult plant \

GAMETES (n) l
egg cell sperm cell
embryo \
(2n)

fertilization
zygote

(2n)
Figure 2.1 — Scheme of angiosperm life cycle. n — haploid stage, 2n — diploid stage. Re-
drawn according to Smith et al. (2010). Images resources: tobacco plant:
http://www.henriettesherbal.com, embryo sac: http://plantsinaction.science.uqg.edu.au,

pollen tube: http://waynesword.palomar.edu.
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flowers haploid spores by meiosis.

The spores (being of two distinct sexes; female aspgres and male
microspores) stand at the beginning of haploid daptgitic generation. Unlike the
gametophyte in lower plant taxa, which is represgrity a virtually independent
multicellular organism, the angiosperm gametophwes strongly reduced. Mature
male gametophyte contains only three cells wheneatsire female gametophyte is
mostly composed of eight cells.

Inside both the male and female gametophyte, ganaeteformed by mitosis.
These male and female gametes fuse together giwago a diploid zygote, from
which an embryo and subsequently adult plant emefpe stages starting with
zygote belong to the diploid sporophyte generafmith et al., 2010).

2.2 Male gametophyte development

Male gametophyte develops inside an anther which gart of a flower
(Fig. 2.2). The development starts with a dipl@ddqrophytic) archesporial cell that
undergoes mitosis giving rise to pollen mother,catid tapetal initial (McCormick,
1993; Borg et al., 2009). The pollen mother cedllgd also the microsporocyte)

¥, undergoes meiosis forming a tetrad of
carpel . .
Stam?ﬂmher }/Ie\p microspores (Fig. 2.3). These four

filament
microspores are haploid, and become

separated by a mixture of enzymes
containing callase that digests callose
surrounding the cells.

After the microspores have
been freed from the surrounding
callose wall, they enlarge, and a big

Figure 2.2 — Structure of an idealised flower.
Adapted from Campbell et al. (2008). vacuole is formed inside each of

them. Subsequently, the cells are

divided by asymmetric mitosis (called pollen mig$) giving rise to bi-cellular

pollen. Pollen mitosis | represents a key regujatpoint of male gametophyte
development (Borg et al., 2009). Then, the biggagetative cell engulfs the smaller
generative cell. After the completion of maturatimmocesses (including cytoplasm
desiccation), mature pollen grains are releasedth@ environment. Mature pollen is

in most (~70 %) plant families bicellular (includirobaccoNicotiana tabacunand
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Solanaceadamily; Brewbaker, 1967). After the pollinatiomet vegetative cell turns
into a growing pollen tube, whereas the generatele undergoes pollen mitosis Il
giving rise to two sperm cells (McCormick, 1993; rBoet al., 2009). Pollen
mitosis Il is thus performed only upon the startpollen tube growth, in case of
tobacco after 8—12 hours after the pollination fTea al., 2005; Hafidh et al., 2012b).
The remaining 30 % plant families have tricellulanature pollen
(e.g.Brassicaceaencluding Arabidopsis thaliana In that case, pollen mitosis Il is

callose wall

callose
MEIOSIS I and Il wall

pollen mother cell \
immature
callase from cell wall
tapetum /

tetrad
nuclear
mlgratlon vacuole

free mlcrospores

tapetal debris

pore

intine
exine

POLLEN

\ vegetative cell membrane MITOSIS | uninucleate
generative cell / microspore
generative cell membrane

generative cell nucleus

/ immature pollen

grain

vegetative cell nucleus
generative cell

dehydratlon

immature pollen

grain
POLLEN
MITOSIS ]

sperm cells
mature pollen

grain germinating poilen [
grain

vegetative nucleus

Figure 2.3 — Schematic male gametophyte development of species with bi-cellular pollen,
for instance tobacco (Nicotiana tabacum). Adapted from McCormick (1993).
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finished before the pollen grains are released.bitalular pollen was considered as
a plesiomorphic trait by Brewbaker (1967). Furthere) it was proposed that the
tricellular pollen evolved more times independently

Both sperm cells carried to the embryo sac by &epdlube are subsequently
involved in double fertilization — the first sperell fuses with the egg cell giving
rise to the diploid embryo, whilst the second speeathfuses with the central nucleus
of embryo sac giving rise to the triploid endosperm

2.3 Gene expression in mature pollen

Angiosperm mature pollen represents an extremedicdated structure with
a tough cell wall. It is metabolically quiescenhe® it has to be transferred in a
viable state onto the stigma tissue. After polimat it rehydrates, and subsequently
the pollen tube growth starts rapidly. Desiccateture pollen of many angiosperm
species can be also rehydrated and activatedtro (Mascarenhas, 1993). Even
before the pollen tube emerges, the pollen vegetatell undergoes both
morphological and biochemical changes (Cresti.etl8B5; Heslop-Harrison, 1987).
These biochemical changes include gradient formagiesential during the pollen
tube elongation (Iwano et al., 2009).

The rapid tobacco pollen tube growth was demorestrab be largely
dependent on translation but vitally independentrafscription Capkova et al.,
1988). Based on these findings, it was assumedtthascription does not occur
during the pollen tube formation at all. Howevdre trecent microarray analysis
revealed that many transcripts were newly syntlkdseven in the growing tobacco
pollen tube as long as 24 hours after germinatitafifh et al., 2012a; 2012b).

A significant number of transcripts present in thature pollen is stored in
translationally-silent EDTA/puromycin-resistant peles (EPPs; Honys et al., 2000).
These particles contain ribosomal subunits, rRNABRNAs and proteins that very
likely repress the transcription of present mRNHAsrfys et al., 2000; 2009). Upon
pollen activation and during the pollen tube gravitte transcripts present in EPPs
are being de-repressed, and translated (Honys,e20419). Furthermore, the EPPs
are transported towards the tip of the growingegotube and very likely represent a
transport form of the transcripts originating fromature pollen.

Such a switch between a quiescent mature pollein grad a dynamically-

growing pollen tube is very likely to be accompahiey differences in protein
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phosphorylation. A similar study oiCraterostigma plantagineuman African
xerophyte, led to the investigation of many re-laym-related phosphoproteins
(Rohrig et al., 2008). Furthermore, during preparaof this diploma thesis, the
phosphoproteome dirabidopsis thalianamature pollen was published where 962
phosphopeptides present in 598 phosphoproteins wergified (Mayank et al.,

2012). However, no data pertaining to activatedgpolvere presented in that study.

2.4 Protein phosphorylation

Phosphorylation is one of the most dynamic protpwst-translational
modifications. The level of protein phosphorylatias established by a huge
orchestra of kinases and phosphatases (Sopory andhyl 1998).

Phosphorylation changes the properties of a givertem. The attached
phosphate group shifts the isoelectric point (fljh@ protein to more acidic range
compared to its native form. Thus, the 2D gel smft a protein after
dephosphorylation by alkaline phosphatase appearedhore basic region as
documented for bovine casein (Darewicz et al., 2005

The negative charge of the phosphate group carueimde protein
conformation. For instance, glycogen phosphorytagieches to the active form only
upon phosphorylation (Fletterick and Sprang, 198&ich interaction changes after
the protein phosphorylation do occur not only betmvamino acid chains of the same
polypeptide but also between more distinct polyjgepthains, thus changing the
interactions between two or more proteins, as wesve for example in case of
phytochrome and its partners (Kim et al., 2004)d ajlutamine synthetase in
Medicago truncatulathat showed an increased affinity to a 14-3-3 garotupon
phosphorylation (Lima et al., 2006).

The phosphate group attached to an enzyme caremtiuits active site and
consequently regulate its enzymatic activity. Fatance, isocitrate dehydrogenase,
the second enzyme of citrate cycle that conveusitiate toa-ketoglutarate, is
inhibited by phosphorylation taking place in itstiae site (Garnak and Reeves,
1979).

Phosphorylation plays a pivotal role in numeroukitas processes, examples
of which are given below. Surely, in most of thggecesses also other regulatory

mechanisms are known to be of key importance.
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Signal transduction is mediated by cascades okkmaOne example of these
signalling pathways is MAP kinase cascade (Mishtaak, 2006). Also the
metabolism regulation is mediated by protein phosghtion, for example
glycolysis regulation (Plaxton, 1996). Cytoskeletdynamics is regulated by a
number of associated proteins, but protein phosgduton is also important as
shown for instance in ticklish plaifiiMimosa pudica)where actin phosphorylation
causes leaf bending (Kameyama et al., 2000). @eléaegulation is very important
through the whole development of an organism andspimorylation is a well
established regulatory mechanism during the ceallecFrancis and Halford, 1995).
Some proteins are targeted to the cellular nucteug after phosphorylation, for
example maize Rabl7 (Jensen et al.,, 1998), whevdeeys have to undergo
dephosphorylation prior to their transport to thé&cleus, e.g. yeast transcription
factor SWI15 (Moll et al., 1991). The phosphorydatiof C-terminal domain of RNA
polymerase 1l is required for efficient transcrgeti elongation (Baskaran et al.,
1997), whereas the phosphorylation of various tedios factors is essential for
translation regulation (van der Kelen et al., 2009)e last but not least example of
phosphorylation is its role as a marker targetitng tmodified species for

ubiquitination and subsequent proteasome degrad@iang et al., 2009).

2.5 Phosphorylated amino acids

Protein phosphorylation occurs mostly on serin (pB)eonine (pT), or
tyrosine (pY). These amino acids bind the phospgetep by an ester bond via an
oxygen atom (Fig. 2.4). The pS:pT:pY ratio in vasohuman cell cultures was
established as 78:18:3.8 (Beausoleil et al., 2C881%:11.8:1.8 (Olsen et al., 2006) or
84:14:2.3 (Molina et al., 2007), depending on thkktype and protocol used.

It was estimated, and afterwards experimentallywsshthat phosphotyrosine
is less abundant in plants than in animals givimg pS:pT:pY ratio of 91.8:7.5:0.7
(van Bentem et al., 2008) and 83.81:16.18:0.01 ¢Bleop et al., 2007). The lower
percentage of phosphotyrosine was estimated dubetdack of specific tyrosine
kinases in plants. Here, tyrosine phosphorylatsothought to be carried out by dual-
specificity kinases instead (Rudrabhatla et al&200n the contrary, in a recent
study, the proportion of the phosphoamino acids suadar to the ratio investigated
in human cells, i.e. 85:10.7:4.3 (Sugiyama et 2008). Up to now, it remains

unclear whether tyrosine phosphorylation in plamtsurs really more often than
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originally expected or not (reviewed in van Bentand Hirt, 2009). In spite of the
doubts about its abundance, tyrosine phosphorylatias demonstrated to play an
important role in brassinosteroid signalling (Kitnaé, 2009; Jaillais et al., 2011).

The conventional phosphoproteomic techniques ate b detect theO-
phosphorylated amino acids since they are relatistelble under acidic pH which is
usually applied during protein extraction and/orogphoprotein/phosphopeptide
enrichment. It was determined that the half-livels bmth phosphoserine and
phosphothreonine in 1 M hydrochloric acid at 100Ww@re about 18 h whilst
phosphotyrosine showed a half-life of about 5 hauride same conditions (Plimmer,
1941). Moreover, incubation in 1 M hydrochloricéeit 37 °C for 48 h did not result
in any detectable hydrolysis of phosphoserine amolsphotyrosine and in a very
subtle hydrolysis of phosphotyrosine (3.2 %; Plimmi®©41).

The other phosphoamino acid to be found especiallyacterial and plant
cells is phosphorylated histidine, to which the gpttate group is attached via a
nitrogen atom (Fig. 2.4). There are two isoformplodsphohistidine differing in the
nitrogen atom in the imidazole ring to which theopphate group is attached. These
two isoforms are 1-phosphohistidine and 3-phospttine, respectively, and both
of them have been identified in several proteing.(&Valinder, 1969a; 1969b;
Spronk et al., 1976). Rarely, phosphoarginine dmakpholysine can be also detected
(Besant et al., 2009).

Unlike O-phosphorylated amino acids, both isoforms of phosgated
histidine were unstable under the acidic pH — theilf-lives in 1 M hydrochloric
acid at 49 °C were 18 s for 1-phosphohistidine 24 s for 3-phosphohistidine,

(0]
@)
o) o O
- By OH
0-P-0 OH  o-p-0 oH @ NH
§ | - - 2
O NH2 O NH2 O_FI>__O
phosphoserine phosphothreonine O phosphotyrosine
o) 0]
N OH ¢ ]/ h
\ NH, A
N 0=P0
O-
1-phosphohistidine 3-phosphohistidine
Figure 2.4 — Formulas of the most frequently phosphorylated amino acids.
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respectively (Hultquist, 1968). Due to the inst#ypilof both isoforms of
phosphorylated histidine under the acidic pH, iswacessary to apply some of the
specialised protocols in order to enable their cteie (reviewed in Besant and
Attwood, 2009).

Since the conventional phosphoproteomic protocotsewapplied in this
diploma thesis, the subsequent parts of literasumreey will focus exclusively on
these techniques, and on thghosphorylated amino acids.

2.6 Enrichment techniques

The importance of phosphoproteins is often noeotéld in their abundance
since only a few per cent of cellular proteins ph@sphorylated at a time in a cell.
Moreover, a protein could be phosphorylated on ntbesn one amino acid. The
isoforms differing in the degree of phosphorylatioould co-exist in a cell,
sometimes even with the native form, which makes itlentification of the
phosphorylation site(s) more difficult. Some of figosphorylation events are only
temporary, which makes the detection of phosphteglaform even more
complicated. Furthermore, phosphorylation is clmglieg also from the technical
point of view since ion suppression during MS measients could result in less
efficient phosphopeptide ionization compared to irth@on-phosphorylated
counterparts. As a result, the phosphorylated spemie scarcely to be detected in a
complex mixture of peptides (Marcantonio et al0&0

Because of these reasons, it is mostly inevitaldeemploy various
enrichment techniques enabling the disposal of plfursphorylated species prior to
MS. In general, the enrichment can be carried outative proteins, or on peptides
arisen from the fragmentation by a specificallyagiag agent (mostly a specific
protease). Both these approaches have their adygntas well as disadvantages

(reviewed in Fila and Honys, 2011).

2.7 Comparison of phosphoprotein and phosphopeptideiemment

Both phosphoprotein and phosphopeptide enrichmgptoaches start with
protein extraction (Fig. 2.5). It is essential ®miove nucleic acids, since their
presence after the extraction would interfere wsthelectric focusing, and would
decrease the enrichment specificity (Li et al., D0However, there are more

interfering compounds that have to be removed podhe enrichment, especially in
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case of plant samples. Plant cells are surroungiead dell wall (fragments of which
would interfere with proteomic techniques), and barfilled with various secondary
metabolites.

During protein extraction, it is important to ked#ipe proteins intact and
preserve their native phosphorylation pattern. Agaplon of protease and
phosphatase inhibitors is required especially withenextraction is performed in the
buffers free of detergents (e.g. SDS, CHAPS), cbpat agents (e.g. urea,
guanidium chloride), and organic solvents. Furthaem kinase activity has to be
blocked in order to prevent non-biological phosptaiion. Such inhibition is
important since the kinases present in the sanquiel ©@verwhelm the phosphatases,
resulting in an artificial phosphorylation pattern.

Phosphoprotein enrichment is usually performed on the crude protein
extract immediately after the extraction. The dmedt fraction of phosphoproteins is
separated by either 2D-GE (Ro6hrig et al., 2008;€taal., 2009), or SDS-PAGE
(Wolschin and Weckwerth, 2005; Wolschin et al., 200 he 2D electrophoretogram
usually contains a number of spots that are segghiattwo dimensions according to
protein net charge, and molecular weight. The smitpointed for subsequent
analysis are excised from the gel. The protein{side the gel piece is/are mostly

digested by a specific protease

Zsphesphoprotoln B -phosphopeptide | (commonly trypsin), and the obtained
enrichment enrichment

protein protein peptides are analysed by MS. Since this
extraction extraction

approach can show some level of non-

AUSEI e protease specificity, the enriched fraction can
enrichment cleavage

contain some false positives. These spots

tei ti fractionati f ot H
e i would be undistinguishable from the
specific ones (especially the low
spot picking and phosphopeptide .
protease cleavage enrichment abundant ones). This problem can be
circumvented by a parallel direct
MS and protein MS and protein L . . .
identification identification trypsinization of the enriched fraction.
Figure 2.5 — Comparison of (A) | The acquired peptides can be separated

phosphoprotein and (B) phosphopeptide |, -nromatography techniques and a

enrichment approaches. Adapted from

. second round of enrichment on the level
Fila and Honys (2011).

of peptides can be performed.
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The advantage of phosphoprotein enrichment is thaisually reveals
molecular weight and isoelectric point of a protehtcordingly, more isoforms of
the same protein with a different molecular weighd/or isoelectric point (including
the differently phosphorylated forms of the sametgin) are separated as distinct
spots. Furthermore, molecular weight and pl carnddpful during phosphoprotein
identification — they can assist during either conétion of the proper identification
or during the rejection of less favourable idensfions with a very different pl.
These above advantages are related to another eimce- the intact proteins are
separated, the peptide spectrum for each protein(a)ng from a single excised spot
is isolated from peptides that originated from othgots. The protein identification
is mostly achieved according to more peptides (aidaccording to just one peptide
as is often the case of phosphopeptide enrichmeiit), the assistance of native
peptides (which does not occur in phosphopeptidel@nent where native species
were lost during the enrichment procedure).

On the other hand, several disadvantages of phpsptein enrichment have
to be taken into account. Firstly, some proteirs laarder to resuspend (e.g. the
hydrophobic ones) or impossible to separate by E{€xtremely acidic or alkaline
ones). Therefore, their identification is practigaimpossible. Furthermore, the
protein losses during the procedure have to bentake account (especially tiny and
hydrophobic species). It was shown that 80 % pmsteiere lost during 2D-GE
(Zhou et al., 2005); therefore the less abundastiep are also less likely to be
identified by this approach. Another disadvantagéhe fact that the enrichment of
intact phosphoproteins is less specific than thesphopeptide enrichment. This is
likely to be caused by the fact that protein stietis of higher complexity
compared to peptide structure, and by the intastoégprotein domains formed by
properly folded distal chains in three-dimensiosadce. These structures are absent
after protein cleavage into short peptides. It ni@esiaa possibility that some
domain(s) could bind non-specifically even undemataring conditions, e.g.
calcium-binding domains. Finally, the phosphopmt&nrichment leads to the
identification of a limited number of phosphorytatisites (Réhrig et al., 2008; Ito et
al., 2009).

Phosphoprotein enrichment is beneficial especiathen the most abundant
proteins are studied since the low abundant spemiesmostly lost during the

procedure. The process is also advantageous fesemurenced organisms since the
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isoelectric point and molecular weight provide \adle information for the
identification. Moreover, the presence of non-plimsglated peptides could increase
sequence coverage and so increase the probabifitydong a homological sequence
in the database. Last but not least, it can be aseadfirst round of enrichment (as a
pre-fractionation technique) followed by a phospipe enrichment of the
digested phosphoprotein-enriched sample.

As stated above, also thmhosphopeptide enrichmentstarts with protein
extraction. The total extract from a given tissgeusually highly complex, so
multistep protein extraction resulting in more parne fractions is advantageous, for
instance three-fraction protein extraction that wssccessfully applied for
Arabidopsis thaliangollen (Holmes-Davis et al., 2005). The first extron applied
a Tris buffer in order to acquire the soluble pirtenvhereas the insoluble pellet was
re-extracted with denaturing buffer containing ura@d CHAPS. The parallel
extraction (by which the third fraction composedvedll proteins was acquired)
relied on a denaturing buffer with SDS. The ex®dcproteins are immediately
fragmented by a specific protease (commonly trypSmce the total protein sample
is usually very complex, the pre-fractionation teiciues are usually required. The
most common ones are SAX (strong anionic ion-exgbathromatography; Nihse
et al., 2004), SCX (strong cationic ion-exchangeugtatography; Beausoleil et al.,
2004) and HILIC (hydrophilic interaction liquid amatography; McNulty and
Annan, 2008). An alternative approach relies onsgglaration of intact proteins and
subsequent work with excised bands or larger gglsa(Carrascal et al., 2008). The
peptide mixture is then enriched for phosphopeptided the enriched fraction is
finally MS-analysed.

The most obvious advantage is that peptides remrdsss complex three-
dimensional structures compared to intact proteind,in general, are more easily to
be fractionated by various chromatography techragiibese techniques are usually
more sensitive than 2D-GE, making the identificatiof less abundant peptides
feasible. Another advantage is that tiny, hydropfiaddnd extremely alkaline or
acidic proteins are not handicapped by this appreeacis the case of 2D-GE. Up to
date, more experiments were performed by thesenimgeobs; this is another
advantage since it is likely that the protocols lepbwere optimised to a higher
extent. Finally, it is considered advantageous tthatexact phosphorylation sites are

usually identified.
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The enriched fraction contains a mixture of phog@pbides originating from
a number of phosphoproteins, thus it is hard tondjgish the protein(s) from which
the peptides originated. This fact can be constlatessadvantageous since it
represents a limitation during protein identificati Furthermore, the non-
phosphorylated peptides cannot contribute to trespimoprotein identification since
they were excluded during the enrichment step. €qumntly, protein identification
often relies on a single phosphopeptide. Protesmsaining a conserved wide-spread
domain(s) could be confused with each other mattiegcorrect identification almost
impossible. Another disadvantage is representedhlyfact that the molecular
weight and pl of a protein are not detected dutimg approach. In spite of the
various improvements increasing selectivity of #rweichment protocols, the non-
specificity issue represents still a limitationsefveral of these enriching strategies.

Phosphopeptide enrichment is useful when a lespleonsample is analysed,
e.g. mitochondrial phosphoproteome (Ito et al.,.308hosphopeptide enrichment is
also more easily to be automated so it is veryulgef high-throughput experiments
(Bodenmiller et al., 2007; Han et al., 2008; Reilat al., 2009). Last but not least,
phosphopeptide enrichment is ideal for the idesdtion of particular
phosphorylation site(s).

It is impossible to consider one single enrichmaethod as optimal, and the
others as suboptimal. Each enrichment method baglitantages and disadvantages,
and its usefulness and optimality could vary acogrdo the experimental material
used. Furthermore, the enrichment methods havenrgplementary rather than an
overlapping nature, so a reasonable coverage dpbloproteome could be achieved
only by a combination of enrichment techniques @uodiller et al., 2007; Ito et al.,
2009).

2.8 Principles of enriching protocols

The enrichment strategies rely on three basic jpies (Fig. 2.6). The first
one applies antibodies targeted against a givesgttwylated amino acid. This is
mostly applicable for phosphotyrosine enrichment kmth phosphoprotein and
phosphopeptide level (Imam-Sghiouar et al., 200%5Ret al., 2005) since anti-pY
antibodies show a reasonable specificity towar@s thpitope. On the other hand,
many antibodies raised against phosphoserine amdppbthreonine were not

working properly during immunoprecipitation and/ehowed specificity to the
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surrounding amino acids and not exclusively to tieen phosphoamino acid
(Grgnborg et al., 2002).

The second principle of phospho-enrichment reliestloe fact that the
phosphate group has a negative charge under gaitlicvarious methods apply
positively-charged matrices in order to catch thegphopeptides/proteins. IMAC
(immobilised metal ion affinity chromatography) épp resin-bound metal ions
(Andersson and Porath, 1986), whereas MOAC (metadethydroxide affinity
chromatography) relies on a matrix composed of hwtales themselves so metal
anchoring is not needed. The MOAC matrices usedewapostly aluminium
hydroxide in case of phosphoprotein enrichment @tluh et al., 2005), and
titanium dioxide (Sano and Nakamura, 2004) or zingm dioxide (Kweon and
Hakansson, 2006) in case of phosphopeptide enrichniRather less frequently
applied affinity techniques are represented by Rrags affinity chromatography
(Kinoshita et al., 2005), affinity chromatographitwhydroxyapatite matrix (Addeo
et al.,, 1977; Mamone et al., 2010), and polymeebametal ion affinity capture
(PolyMAC; lliuk et al., 2010).

The third set of phosphoprotein/phosphopeptidechment strategies relies
on chemical modification of the phosphate group ésmdubsequent affinity capture
via the modified residue. The techniques used wereinstancep-elimination
coupled with Michael addition (Oda et al., 2001grbodiimide condensation (Zhou
et al., 2001)a-diazo resin enrichment (Lansdell and Tepe, 2084) oxidation—

reduction condensation (Warthaka et al., 2006).

affinity-based L covalent
techniques antibodies modifications
hydroxy- a-diazo
apatite resin

Phos-Tag carbodiimide
condensation

Figure 2.6 — A diagram of the most frequent enrichment techniques applied in

phosphoproteomics. Adapted from Fila and Honys (2011).
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2.9 AI(OH)3;-MOAC phosphoprotein enrichment

One of the best established phosphoprotein-engctechniques is MOAC
with aluminium hydroxide matrix (Wolschin et alQ@5). The general positives and
limitations of phosphoprotein enrichment were désad above. MOAC protocol
was shown to be either of a better efficiency thag of the tested commercial kits
for phosphoprotein enrichment (Wolschin et al., 200r at least of a comparable
efficiency (Ito et al., 2009). It is noteworthy than case of tobacco, it was
advantageous to acquire the pl and molecular weifjlat protein since the tobacco
genome is not wholly available in the public datdsaand therefore these values
represent valuable information about the detectetems. Another advantage of the
method is that it was successfully applied for plsamples -Arabidopsis thaliana
leaves (Wolschin et al., 2005Arabidopsis thaliana seeds, Chlamydomonas
reinhardtii cells (Wolschin and Weckwerth, 2005), abhterostigma plantagineum
leaves (Ro6hrig et al., 2008).

The main doubts aroused about the method’'s speégifidhe buffer
composition should reduce non-specific binding sincea together with CHAPS
denatures proteins. This should improve methodigiec since the possibly non-
specifically binding domains should be denatured #meir non-specific binding
reduced (Wolschin et al., 2005). However, the matenditions might be also worth
applying since TiQ phosphoprotein enrichment under native and dengtur
conditions resulted in different spectra of enrgtlpdosphoproteins (Lenman et al.,
2008). Imidazole in the incubation buffer mimickadtidine and thus competed with
non-specifically binding histidine-rich proteinshd salts of acidic amino acids
(glutamic and aspartic acid) competed with non-sigegroteins binding via acidic
amino acids, and thus the enrichment specificity imareased.

The specificity of MOAC with aluminium hydroxide mmx was tested
several times. In the original study, a mixtureeafht standard proteins, some of
which were phosphorylated whilst others were unsphorylated, was enriched. The
phosphorylated proteins appeared exclusively in giesphoprotein-enriched
fraction whilst the non-phosphorylated ones renthina-bound to the matrix and
ended up in the flow-through (Wolschin et al., 200However, eight selected
standard proteins could not cover the whole vartgland complexity of proteome.

Thus, the non-specific binding of some proteinsam®d possible.
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Another sign of MOAC specificity was obtained by @HICP-MS where a
higher phosphate-to-sulphur ratio was observetierenriched fraction compared to
the original crude extract (Kriger et al., 2007he3e results strengthened the
grounds for believing in the method’s specificityt bhey did not show whether any
of the proteins in the enriched fraction were faissitives. Another proof of MOAC
specificity was shown by Ro6hrig et al. (2008). TM®AC-enriched fraction was
dephosphorylated by alkaline phosphatase and thieodphorylated sample showed
a lower signal when stained with phosphoproteircipe ProQ Diamond
Phosphoprotein Gel stain. However, after dephospditon, there remained a
background signal, coming either from non-specstigining since ProQ Diamond
shows quite high intensity of background (Steinbetgal., 2003), or from the
incompleteness of dephosphorylation reaction. Afleaphosphatase shows substrate
specificity, and consequently could dephosphorytat@me of the sites slower and/or
less efficiently (Morton, 1955). Collectively, dlhe above data show that MOAC is
likely to be (at least partially) specific but & hard to deduce how much proteins in
the enriched fraction should be regarded as faidséipes. The other negative of the
method is that (like other phosphoprotein-enrichimgthods) it results in the

identification of only a limited number of phospli@tion sites.

2.10TiO, phosphopeptide enrichment

In order to find more phosphorylation sites, theaafjal phosphopeptide
enrichment is very beneficial when applying phogpbtein-enriching protocol. One
of the widely used techniques is HHIIOAC (Pinkse et al., 2004). It is a widely-
used technique that was mostly shown to be moreifspéLarsen et al., 2005;
Kweon and Hakansson, 2006; Aryal and Ross, 201@)are sensitive (Hsieh et al.,
2007) than IMAC.

The peptide mixture is usually incubated with TiBeads in an acidic
incubation buffer of pH round 2.5-3 (Fig. 2.7). Tipeinciple of the highest
specificity under this pH is based on a differecidalissociation constant (gKof
acidic amino acids (glutamic and aspartic acid)d grhosphate residue. The
phosphate group has a p&f 2.1, whereas glutamic and aspartic acid 3.65.25,
respectively (Kokubu et al., 2005). These speciatues are valid for the free
residues; if being part of a protein, thejaould be more or less shifted. If the pH of

the loading buffer is between the p¥alues of phosphate residue and acidic amino
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acids, most acidic amino acids will be protonatdiergas most of the phosphate
moieties will be charged. Consequently, phospheg&lues exhibiting their negative
charge can bind to the chromatography matrix wihistcatching of the non-specific
acidic amino acids is strongly inhibited since thegative charge is masked by the
bound protons. However, it is worth mentioning thatomplete protonation of acidic
amino acid residues could be achieved only undgriyiacidic pH (pH < 1-1.5). On
the other hand, pH > 3 enabled a complete de-patitonof phosphate groups. It is
obvious that the pH of the incubation buffer (2.bis3rather a compromise between
the highest specificity and the highest selectivity

Since the pH itself did not block non-specific natetions, various chemicals
were added in order to reduce the

method’s non-specificity. The bes og‘
n_o
. . . di ted P
results were obtained with dihydroxy F;?j;i]{phosphopepﬁ e E_O\E/L
. . . . . o <
benzoic acid (DHB), salicylic acid an %3%/2,\,1 ~fo /‘.%/o
(@] Q o
phthalic acid (Larsen et al., 2005 £ ¢V n 9
. . load MOAC
Although DHB was in many studie l o
applied by itself (Larsen et al., 2004
Hsieh et al., 2007) or in a combinatio
with octanesulphonic acid (Mazanek
al., 2010), it was less efficient if IMACor L
MOAC Va3
others (Simon et al., 2008; Aryal an 4
non-phosp_horylated protease N enhrIChedt'd
Ross, 2010). Several alternative pepfide PaaspmRpies
blocking non-specificity were Figure 2.7 — A schematic workflow of
) affinity-based phosphopeptide enrichment
successfully tested, for instance lact _ .
strategies, TiO,-MOAC and IMAC. Adapted
acid (Sugiyama et al., 2007; Wu et @ ¢.5m punn et al. (2010).

2007).
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3 Materials and methods

3.1 Plant material and pollen tube activation

Tobacco plantsNicotiana tabacumcv. Samsun) were grown in a growth
chamber. The conditions were as follows: photopged® h/8 h (light/darkness),
constant temperature 20 °C and relative humidityGo%o.

The pollen grains were obtained according to Petr al. (1964) with
modifications. Flower buds were collected shortiydve anthesis (Fig. 3.1), and the

anthers were excised. They were let t=

ju—

flower bud
shortly before anthesis

dehisce overnight at room temperatul
The pollen grains were sieved ar
stored at —20 °C. The collected pollg
grains represented a bulk sample frd
some 30 plants.

The pollen grain activation waj
performed as described by Tupy ai
Rihova (1984). Mature pollen grain| Figure 3.1 — Tobacco flower buds. The

were incubated at room temperatu| flower buds shortly before anthesis were
collected.

for 10 min and then shaken as

suspension of 10 mg pollen per 10 ml sucrose-miimeealium buffered with MES
(SMM-MES; 175 mM sucrose, 1.6 mM boric acid, 3 mM(BG;)»4H,0, 0.8 mM
MgSOyH20, 1 mM KNG, 25 mM MES, pH 5.9). This medium is used not doly

pollen activation but also fan vitro pollen cultivation for a longer time.

3.2 Protein extraction

Total protein was extracted from mature and actwaipollen using
trichloroacetic acid (TCA) / acetone (Méchin et, &006). The mature pollen or
activated pollen, respectively, was homogenisedabyestle in a mortar and re-
suspended in ten-fold volume of 10 % w/v TCA / aocet supplemented with
0.07 % v/v 2-mercaptoethanol (ME). After five-miauincubation in a ultrasonic
bath, the samples were frozen in liquid nitrogen~+80 s and kept at —20 °C for
5 min. Afterwards, the sample was mixed briefly &mther incubated at —20 °C for

another 5 min. The previous step was repeated tammk then the sample was

28



incubated for 30 min at —20 °C. So in total, it weept at —20 °C for 45 min.
Subsequently, the sample was centrifuged (23,@0Q8 min, 4 °C).

The supernatant was discarded and the pellet comgethe extracted proteins
was washed with acetone supplemented with 0.0A%ME&, incubated for 5 min in
a ultrasonic bath, cooled down in liquid nitrogen £20 s and incubated for 30 min
at —20 °C. After centrifugation under the above dibans, the washing step was
repeated. Finally, the protein extract was dried Goncentrator Plus 5301
(Eppendorf, Hamburg, Germany) for 15 min and statee20 °C.

3.3 MOAC phosphoprotein enrichment

TCA/acetone extract from both mature pollen andr8@ute activated pollen
(2 mg per 50 ul) was resuspended in MOAC incubdiiafifer (30 mM MES, 20 mM
imidazole, 0.2 M potassium aspartate, 0.2 M sodjutamate, 8 M urea, 2.5 % w/v
CHAPS, phosphatase inhibitors cocktail 1 — Sigmari&h, cat. no. P2850, pH 6.1;
Wolschin et al., 2005). The resuspended proteirpgamas sonicated for 5 min in a
bath, and incubated at 37 °C for 1 h with gentléatign. Afterwards, the sample
was centrifuged (23,000%g, 15 min, 22 °C), and the supernatant (containing
proteins) was transferred to a fresh tube. Theepelas discarded.

The protein concentration was estimated by a 2DnQKé (GE Healthcare,
Uppsala, Sweden) according to manufacturer’s iogoms as follows. BSA and a
blank sample were used to create a standard clioveeach standard and pollen
protein sample, 500 ul Precipitant was added; tampte was vortexed and
incubated for 3 min at room temperature. Then, |5000-precipitant was added; the
sample was mixed and centrifuged (23,0@045 min, 22 °C). The supernatant was
decanted and the pellet was resuspended in 10(GppeC Solution and 400 pl
distilled water. These re-suspended samples wexednwvith 1 ml Color Reagent
(spiked together 100 parts Color Reagent A togethttr 1 part Color Reagent B).
After 20 min incubation, the samples’ absorbancel& nm was measured by a
spectrophotometer using distilled water as a refare

A 2 mg protein sample dissolved in 3 ml MOAC inctia buffer was
incubated in the presence of 160 mg aluminium hyideofor 30 min, centrifuged
(10,400%g, 2 min, 4 °C), and the supernatant then repeatedghed with 3.2 ml
(washes 1-5) or 1.6 ml (wash 6) incubation bufieach washing step comprised a

1 min period of agitation, followed by centrifugatias above. Phosphoproteins were
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eluted by addition of 1.6 ml elution buffer (100 mTl4HPOy, 8 M urea, phosphatase
inhibitors cocktail 1, pH 9.0), and separated fribra matrix by centrifugation under
the same conditions. The MOAC enrichment was repkat least two times for each
stage from an independent TCA/acetone protein extos both the mature and the

30-minute activated pollen.

3.4 1D SDS-PAGE of MOAC fractions

The proteins present in the MOAC fractions (namelyosphoprotein-
enriched eluate, flow-through and supernatant afier first wash) together with
protein crude extract were precipitated by methamal chloroform according to
Wessel and Fligge (1984). An aliquot of these samplas mixed with a 2-fold
volume of methanol and thoroughly mixed. One volushehloroform was added,
and then the sample was thoroughly mixed and irtedb@n ice for 5 min.
Afterwards, 1.5 volume distilled water was addedl] ¢he sample was centrifuged
(9,000%g, 2 min, 4 °C). The aqueous phase was discarded Ganl volume
methanol was added to the lower phase and thisureixtas incubated on ice for
5 min. After the centrifugation (23,00@x 5 min, 4 °C), the supernatant was
discarded and the pellet dried in Concentrator P881 (Eppendorf, Hamburg,
Germany) for 15 min.

The dried pellet was resuspended in 1D sample b@&e mM Tris-HCI,
10 % v/v glycerol, 2% w/v SDS, 5% v/iv ME, 0.01¥#v bromophenol blue).
Approx. 5 pg aliquot was loaded onto an SDS-PAGE (geacking gel 5 %T,
2.6 %C, resolving 11.25 %T, 2.6 %C). The buffersrav@repared according to
Laemmli (1970) and the electrophoresis was perfdrore the MiniProtean system
(Bio-rad, Hercules, CA, USA) at 75V for 30 min ltmhed by 150 V until the
bromophenol blue front line reached the bottomhaf gel (~45 min). SDS-PAGE
standard broad range marker (Bio-rad, Hercules, G8A) was run in order to
estimate the molecular weight of the sample pretein

The gels were stained by phosphoprotein-specifi@QPrDiamond
Phosphoprotein Gel Stain (Molecular Probes, Eugéde, USA) according to
Agrawal and Thelen (2005) with slight modificatiomsiefly, the gel was incubated
in fixation solution (50 % v/v methanol, 10 % v/eadic acid) for 30 min. The buffer
was exchanged for a fresh one, and the gel wadated overnight at 4 °C. Then, it

was washed six times in distilled water (resistab@d/Q) for 15 min. The staining
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was performed in 30 ml 3x water-diluted ProQ Diach&hosphoprotein Gel Stain.
The gel was protected from light by wrapping th& boan aluminium foil. The gels
were de-stained in de-staining solution (20 % \etanitrile, 1 M sodium acetate
pH 4.0) for 30 min. The buffer was exchanged amddé&-staining step was repeated
3 times. Before scanning, the gel was submergexd digtilled water for 5 min in
order to become hydrated. The signal was scanneBupyFLA 7000 (Fujifilm,
Tokyo, Japan) with 532 nm excitation laser and &®0emission filter.

After the ProQ signal was scanned, the gel waseddior total proteins with
CBB G250 according to Kang et al. (2002). Firstydts washed in distilled water for
10 min. Then, the staining was carried out for lurhom CBB G250 solution
(0.02 % wiv CBB G250, 5% w/v aluminium sulphatd-(18)-hydrate, 2 % v/v
ortho-phosphoric acid). The de-staining was acc@het in de-staining solution
(10 % v/v ethanol, 2 % v/v ortho-phosphoric acid)him 1 hour. Subsequently, the
gel was hydrated in distilled water, and scannedsbgox CCD camera (Syngene,
Frederick, MD, USA).

3.5 Phosphorylationin vitro

Both mature and 30-minute activated pollen was lgensed in extraction
buffer (50 mM Tris-Cl pH 7.6, 75 mM sucrose, 5 mMEMand centrifuged twice
(500xg, 10 min, 4 °C, followed by 37,000% 30 min; 4 °C) to obtain the
microsomal fraction, and the protein concentratwes estimated by amidoblack
employing BSA as a standard (Schaffner and Weisst®48). Aliquots of BSA and
protein samples were dropped onto nitrocellulosenbrane (Serva, Heidelberg,
Germany). The nitrocellulose with the dried dropletas incubated in staining
solution (45 % v/v methanol, 10 % v/v acetic adid]l % w/v amido black) for
5 min. After the 5-minute de-staining performedde-staining solution (90 % v/v
methanol, 2 % v/v acetic acid), the protein conrn in the sample was estimated
according to signal intensity.

A phosphorylation reaction containing 50 pg pratewwas performed in
50 mM Tris-Cl (pH 7.6), 10 mM potassium acetatenM magnesium acetate,
0.5 MBqy-**P-ATP (PerkinElmer, Waltham, MA, USA, cat. no. BLOARH500UC),
1uM ATP at 28 °C for either 2, 5 or 15 min. The réactwas terminated by the
addition of 20 % w/v TCA/acetone, and kept for &th-20 °C. After centrifugation
(23,000%g, 15 min, 4 °C), the pellet was washed with acetand re-centrifuged
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(23,000x%g, 10 min, 4 °C). Two further washes with 80 % vbetmne were given.
The final pellet was resuspended in 30 pl 1D sarbpféer (see above) and a 50 %
aliquot (~25ug proteins) was separated by SDS-PAGE (11.25 %T%Z resolving
gel) on Biometra Multigel Long apparatus (WhatmanmonBetra, Goéttingen,
Germany), as described above. The gels were stanitbdCBB G250 and scanned
as above. After scanning, the gels were dried vgéh drier D61 (Biometra,
Gottingen, Germany) for 45 min and exposed ovetrigla BAS-MS 2025 imaging
plate (Fujifilm, Tokyo, Japan) that was scannedhwat Fuji FLA 7000 (Fujifilm,
Tokyo, Japan).

3.6 2D-GE and image analysis

Isoelectric focusing (IEF) was performed on 13 amedr strips of pl 4-7 on
Ettan IPGphor (GE Healthcare/Amersham Bioscientipgsala, Sweden). This pl
range was chosen because phosphorylation is knowower the pl of a protein
(Darewicz et al., 2005). Moreover, in the preliminaxperiment, the majority of
spots was observed in this pl range. Fifty microggaof both eluate and crude
extract were focused under the following conditiob4 h passive rehydration; 1 h
gradient to 250 V; 1 h gradient to 500 V; 1h geadito 4,000 V; 5h 35 min
4,000 V; 50 pA per strip (Witzel et al., 2007).ttal, 25 kVh was reached during
the IEF run.

The focused strips were equilibrated for 15 mirsatution 1 (50 mM Tris-
HCI pH 8.8, 6 M urea, 30 % v/v glycerol, 2 % w/v SPL30 mM DTT, 0.01 % w/v
bromophenol blue) followed by 15 min in solutior(tBe same contents, only DTT
was replaced with 135 mM iodoacetamide). The dopaited strip was embedded
onto a stacking gel by 1 % w/v agarose in SDS-PA&@Etrode buffer (25 mM Tris,
192 mM glycine, 0.1 % w/v SDS, 0.005 % w/v bromapdleblue). The resolving gel
was 10 %T, 2.6 %C, whilst the stacking gel was 5 2® %C, and the buffers were
prepared according to Laemmli (1970). The run waopmed on Hoefer SE600
(GE Healthcare/Amersham Biosciences, Uppsala, Swede 75V for 30 min,
followed by ~4.5h at 150 V. Molecular weights diet protein sample were
estimated according to the PageRuler PrestaineteiRrbadder (Fermentas, St.
Leon-Rot, Germany).

The gels were stained with ruthenium Il tris (baihenanthroline

disulphonate) — RuBP. The RuBP compound was syisttteaccording to Rabilloud
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et al. (2001), and the staining procedure was peed according to Lamanda et al.
(2004). First, the gel was washed for 10 min intikksl water. After overnight
fixation in 200 ml fixation solution (30 % v/v ethal, 10 % v/v acetic acid) at 4 °C,
the gel was washed four times for 30 min in 20 % ethanol. The staining was
performed for 6 h at 4 °C by 1 uM RuBP in 20 % eftranol. Upon this step until
scanning, the gels were protected from light byppnag the boxes in an aluminium
foil. Two 10-minute washes in distilled water wéolowed by overnight de-staining
in 40 % v/v ethanol / 10 % v/v acetic acid. Befgpanning, the gel was swelled in
distilled water. The gel was imaged by Fuji FLA B1(@ujifilm, Tokyo, Japan) with
473 nm excitation laser and 580 nm emission filfey.aid the precision for spot
cutting, the gel was stained overnight with CBB G2 written above; only de-
staining was performed in distilled water insteddestaining solution.

At least two independent extracts were prepareth ftbe sample of both
mature pollen, and activated pollen to generatet afsreplicates. In total, there were
four gels for each stage. Image analysis of theg2ld was performed using a
PDQuest Advanced 8.0.1 software (Bio-rad, Hercul#8A). The master gel was
selected automatically by the software. Faint spoiall spot and largest spot cluster
were chosen manually by clicking the desired spdtemalised spot volume was
expressed as a proportion to the sum of all sp@sept on a given gel. The spots
that differed significantly 2-fold in intensity e¢en the two stages under

investigation (t-test: p<0.05) were selected fdrsgquent analyses.

3.7 Trypsin digest and MS/MS analysis of the spots

All spots were excised from each of two selectedlicate gels from the
mature pollen sample, but only those which varmdntensity by at least twofold
between the mature and the 30-minute activatedepollere excised from the
activated pollen sample.

After the excision, the gel fragments were washad4DOul 10 mM
ammonium bicarbonate (ABC) / 10 % v/v acetonit(keCN) for 30 min and dried.
The proteins within the gel fragment were digesied?.5 pl 10 ngul™ porcine
trypsin solution (Sequencing Grade Modified Trypgbil1l, Promega; Madison, WI,
USA) in 5mM ABC / 5 % v/v ACN for 5 h at 37 °C. €hdigest was terminated by
the addition of Jul 1 % v/v trifluoroacetic acid (TFA).
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A 5 ul aliquot of the tryptic digest was used for nLCHEJ/TOF analysis
and de novosequencing (Witzel et al., 2007). The peptidesewsgparated on a
180 um x 20 mm Symmetry (5 um) C18 pre-column cedipdb a 100 mm x 100 pm
BEH (1.7 pm) C18 column (Waters Corporation, Marstiie UK) at 0.6 pnin™
under a 3-35 % v/v ACN gradient over 30 min at lrom temperature of 40 °C.
Mobile phase A consisted of 0.1 % v/v formic agidwater and mobile phase B of
0.1 % v/v formic acid in ACN. The mass spectromé@+TOF Premier, MassLynx
4.1 software, Waters) operated in a positive iomdde, and the mass spectra
acquired were integrated over 1 s intervals. Tegument was calibrated using Glu-
Fibrinopeptide B (Sigma-Aldrich Chemie, Taufkirchegaermany). Automatic data
directed analysis was employed for MS/MS analysisloubly- and triply-charged
precursor ions. Mass spectra were collected frofm400-1600, and product ion
MS/MS spectra were collected from/z 50-1600. Lock mass correction of the
precursor and the product ions was conducted usihgrFibrinopeptide B.
ProteinLynx GlobalSERVER v2.3 (PLGS) software wadi for data processing
and database searches (Witzel et al., 2007).

The MS/MS spectra searches were conducted agamgirotein index of the
non-redundant SwissProt database (2010/07/26)nstgthe UniProtKB index for
Viridiplantae (2010/07/26) complemented with hum@matin, porcine trypsin, and
yeast enolase sequences, and against the TIGR &fiilerce database entries for
Solanaceag(2010/08). The search parameters set were 10 pptide, 0.1 Da
fragment tolerance, one missed cleavage, and \Varialkidation (Met) and
carbamidomethylation (Cys). Protein identificatiomsre accepted when at least two
peptide fragments per protein were identified, argrobability score of higher than
90 % was obtained (PLGS score > 12), although mesoases a PLGS score < 12
was accepted; this occurred for proteins relategtdoindant entries in the database.
The protein functions were assigned according twaBeet al. (1998). Proteins

falling into more than one category were assighed prevailing activity.

3.8 In solution trypsin digest and gel-free nLC-MS/MS

A 400ul eluate of both mature and activated pollen wascipitated by
methanol/chloroform according to Wessel and Flu¢if#84), and the dried pellet
was re-suspended in 0.1 % w/v RapiGest (WatersfoMil MA, USA) / 50 mM
ABC. The concentration of protein present was estidth by Bradford Assay (Bio-
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Rad, Hercules, CA, USA). In solution digest and ki&alysis were performed as
described in Kaspar et al. (2010) with minor madifions. A 3Qul sample
containing 30Qug proteins was reduced by DTT and alkylated by iodtanide, and
then incubated overnight at 37 °C with 600 ng pwcirypsin. The reaction was
terminated and the detergent precipitated by laovgerthe pH to 2.0. After
centrifugation (23,000>g, 30 min, 4 °C), the samples were diluted to 0.3ty
protein, and spiked with 100 npte-digested enolase (Waters, Milford, MA, USA),
serving as an internal standard. A 3 pl aliquot@mmg an estimated 0.3 pg protein
was subjected to a 90 min LC separation, with feahnical replicate nLC-MS runs
per sample. The same columns, solvent gradiensalveénts A and B as described
above were employed, as were both instrument edildor and lock mass correction.
The nLC-MS data were collected in alternating hagid low energy acquisition
mode (multiplexed nLC-MS data processing) using sdgsx 4.1 software
(Waters). The low energy mode provided accuratesmasl quantitative data at the
peptide level, and the high energy mode providedtiphexed MS fragmentation
data from all co-eluting peptides. The spectrumugition time in each mode was
1 s with a 0.02 s interscan delay. In low energylendhe constant collision energy
of 4 eV was used, while in high energy mode, thésoon energy was ramped from
10 to 28 eV during each 1 s data collection cycle.

For the purpose of quantification, the multiplexedlC-MS data were
processed (ion detection, accurate mass retemtr@ngair clustering, normalization,
quantification and statistical analysis) using RmeEsis LC-MS v3.1 software. For
sample alignment, the sensitivity was set autorayi¢o 4. Filtering proceeded as
follows: (1) at least one isotope needed to beatlede (2) both charge states 2 and 3
were included, and (3) the retention time windowswset as 12-90 min.
Normalization was applied automatically to all feas as recommended by the
Progenesis LC-MS software manual. Peptide ideatiba was performed using the
Identity Algorithm implemented in PLGS 2.3 softwaley searching against the
UniProt reference database (http://www.uniprotuamgéf), consisting of manually
assembled entries drabidopsis thalianaand Solanaceaewith 90 % homology,
complemented with sequences for human keratin awdinge trypsin to exclude
background peaks, and yeast enolase. The falsévposate against a randomised
database was set at 4 %. The search parametersagvéoows: automatic peptide

fragment tolerance, three minimum fragment ion Imedc per peptide,
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carbamidomethylation (Cys) as fixed modificatiord arariable oxidation (Met) and
propionamide modification (Cys). Peptide resultsenenported into Progenesis LC—
MS software for quantitative analysis and statatievaluation. Individual peptide
results were assigned to corresponding proteinid®s that were assigned to more
than one protein were considered conflicting. Gifgnostic peptides were used for
quantification at the protein level, and ANOVA vatuhad to be p<0.05. The scoring
algorithm implemented in Progenesis LC-MS softwaras used to determine
confidence values. For identification, a sample hadnatch at least two peptide

fragments, at least one of which was diagnostic.

3.9 Titanium dioxide phosphopeptide enrichment

The TCA/acetone protein extraction from mature golwas performed as
above, and 50 mg of this extract was re-suspend&@0ul of 0.1 % w/v RapiGest
(Waters, Eschborn, Germany) / 50 mM ABC. The trypeptides that were obtained
as described above in the in-gel approach werdtddsand concentrated using Bond
Elute C18 SPE columns (200 mg, 3 ml, Varian) adogrdo the manufacturer’'s
instructions. The bound peptides were eluted by RO0TIO, loading buffer
(80 % viv ACN, 6 % v/v TFA, saturated with phthalacid). Washed titanium
dioxide beads (5 um patrticles, Titansphere, GL r®&8) were mixed with tryptic
peptides in a ratio of 5:1, and shaken for 30 minladoratory temperature.
Subsequent wash and elution steps were conducteéelsasbed previously (Beck et
al., 2011). Briefly, two washes were performed noubation buffer whilst for the
following four washes, 80 % v/v acetonitrile acied with 0.1 % w/v TFA was used.
The elution was accomplished in three elution stgg$ 250 mM ammonium
bicarbonate (pH 9.0); (2) 125 mM ammonium bicarten&0 mM phosphoric acid
(pH 10.5); (3) 400 mM ammonium hydroxide (pH 11.0).

Phosphopeptide-enriched samples were analysed 6yME/MS on an LTQ
Orbitrap Velos (Thermo Scientific, Bremen, Germamgss spectrometer coupled to
an Ultimate 3000 nLC (Dionex, Amsterdam, the Ndtreds). The peptide pre-
concentration was performed on a self-packed SyrdydgroRP trapping column
(100um ID, 4um particle size, 10 nm pore size, 2 cm length).eAfiards, the
peptides were separated on a self-packed SynedjoRy main column (7pm ID,
2.5um particle size, 10 nm pore size, 30 cm lengthp@fC and a flow rate of
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270 ntmin™ applying a binary gradient (A: 0.1 % formic adgi,0.1 % formic acid,
84 % acetonitrile) ranging from 3 % to 45 % B ir024in.

MS survey scans were acquired from 350-2000 m/thén Orbitrap at a
resolution of 60,000 using the polysiloxane m/z.428030 as lock mass (Olsen et
al., 2005). The ten most intense signals were stdijeto collision induced decay
(CID)-based MS/MS in the LTQ using normalised «itin energy of 35 %, an
activation time of 30 ms, and a dynamic exclusibi®ds. AGC values were set to
10 for MS and 16 for MS/MS scans.

Raw data were processed by the Proteome Discosefvare V1.3 (Thermo
Scientific) and searched against UniProt referencedatabase
(http://www.uniprot.org/uniref/), consisting of ems of Viridiplantae with 90 %
homology (2012/02/22), complemented with sequenfteshuman keratin and
porcine trypsin to exclude background peaks, aranagthe TIGR EST sequence
database entries farobacco(2010/08), using Mascot (version 2.3.2) and Sdques
and Peptide Validator nodes with the following isgis: 10 ppm MS tolerance,
0.5 Da MS/MS tolerance, trypsin as enzyme allowaagnaximum of 2 missed
cleavage sites, carbamidomethylation (Cys) as fimed oxidation (Met) as well as
phosphorylation (Ser/Thr/Tyr) as variable modificas. Finally, mass deviation
<4 ppm and high confidence (corresponding to a fdiseovery rate <1 %) filtering

criteria were applied to the results.
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4 Results

4.1 Phosphoprotein enrichment

The total proteins were extracted with TCA/acetboen mature and 30 min
in vitro activated pollen. This extraction protocol resdilie a pellet that was easier
to resuspend than the pellet originating from anphéased protocol (applying TRI-
Reagent from Sigma) that was originally considemgtimal (Fila et al., 2011).

The protein extract was enriched for phosphopretéym MOAC. To prove
that the enrichment really had occurred, 1D SDS-BA& crude extract, flow-
through, supernatant after the first wash, and pihagsrotein-enriched fraction was
performed (Fig. 4.1).

CE  FT EL Wi CE FT EL w1

ProQ Diamond CBB G250

Figure 4.1 — A representative 1D SDS-PAGE displaying the fractions acquired during
MOAC phosphoprotein enrichment of 30-minute activated pollen crude extract. Approx.
5 ug of each sample was loaded onto the 11.25 %T polyacrylamide resolving gel. The gel
was stained with ProQ Diamond Phosphoprotein Gel Stain, and subsequently with CBB
G250. CE - crude extract before the MOAC enrichment; FT — flow-through (supernatant
after the enrichment); EL — eluate enriched for phosphoproteins; W1 — wash 1
(supernatant after the first wash). The last lane shows the molecular weight standard;
numbers on the right indicate molecular weight in kDa. Note the staining of standard
phosphoprotein ovalbumine (45 kDa) after the ProQ Diamond staining.
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The phosphoproteins were visualised by ProQ Dianfeimosphoprotein Gel
stain. Both crude extract and phosphoprotein-eadcbluate showed a high ProQ
Diamond signal revealing that the phosphorylatedcEs were present in the
originally extracted sample and in the phosphopmegariched sample. On the other
hand, a lower ProQ Diamond signal was observedhe flow-through and the
supernatant after the first wash. These resultpatgd the specificity of MOAC
enrichment since the phosphoproteins were boutldetchromatography matrix and
eluted almost exclusively during the elution st€onsequently, they were present
less frequently in the flow-through and the suptmniafter the first wash.

However, the origin of the lower ProQ Diamond sigimathe flow-through
and supernatant 1 remains unclear. The first piisgills non-specific staining
resulting from a partial ProQ Diamond non-spediiciSteinberg et al., 2003) since
ProQ Diamond Phosphoprotein Gel stain is a gallnesin (Agnew et al., 2006;
Schilling and Knapp, 2008). A similar gallium resshowed some non-specificity
also during phosphopeptide enrichment (Posewitz Bachpst, 1999; Aryal and
Ross, 2010). Alternatively, the background ProQniiad staining can be caused by
the presence of residual phosphoproteins in babtiéms. It is likely that some
phosphoproteins can be less tightly attached tahihematography matrix, thus it is
possible that they were not bound to the chromafdgy matrix at all or were freed
from the matrix earlier than elution was accommsh

To show that the differences of ProQ Diamond stgjnintensity between the
lanes originated from different degree of phospladign rather than from different
amount of proteins loaded, a subsequent stainitly @BB G250 was performed.
The intensity of CBB G250 staining was comparahlerude extract, flow-through
and phosphoprotein-enriched fraction whereas theuamof loaded proteins in
supernatant 1 was somewhat higher. Such higher mnaduproteins loaded was
caused by too low concentration of this sample thatle the accuracy of protein
estimation quite limited so the loaded amount wstsmated only roughly. These
data supported the fact that different level of ggtwrylation caused the differences
in ProQ Diamond signal intensity rather than deferamount of proteins loaded.
The dissimilar electrophoretic spectra of the phogpotein-enriched eluate and the
crude extract also supported the MOAC specificihcs several weak bands were
strengthened after phosphoprotein enrichment veakelyl representing the

phosphorylated species. On the other hand, somedsbalearly visible almost
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vanished after the enrichment, possibly represgntine non-phosphorylated
proteins.

The mutual comparison of 1D SDS-PAGE electrophongditterns of several
replicates (data not shown) showed high reprodiityilof the applied extraction—

enrichment protocol.

4.2 Phosphorylationin vitro

In order to further test the MOAC specificity, radctive labelling of the
newly in vitro phosphorylated proteins was performed. The mienagdraction was
extracted from both mature and 30 min activatedepot this extraction relied on a
“soft” extraction buffer that enabled to preservetpin conformation and function,
which was essential since the kinase activity o firoteins had to be kept.
TCA/acetone extract failed to e vitro phosphorylated, possibly because of the fact
that the proteins were denatured and subsequemwtypable of proper re-folding that

would lead to re-gaining of their biological furai

A - radiography B - CBB G250
200 ol ——
97 e -~

66 e

{

45

!

31 - -~

2¢ @58 K58 249 55 151 28 "5F 15 | 928 WS5ERIb
22®w | mature pollen | activated pollen |*™ | mature pollen | activated pollen

Figure 4.2 — SDS-PAGE of the samples phosphorylated in vitro. Approx. 25 ug proteins
were separated on a 11.25 %T polyacrylamide resolving gel. A — Radiography. B — CBB
G250 staining of total proteins. The numbers on the left indicate molecular weight in kDa.
The reaction was performed on both mature pollen and 30-minute activated pollen
protein extracts. The numbers at the foot of each lane indicate the incubation time of the
reaction, 2 min, 5 min or 15 min, respectively. The rectangles show examples of bands

with decreasing signal intensity in time.
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The microsomal fraction was incubated with®’P-ATP, so the newly
phosphorylated proteins were radioactively labellBdese samples were separated
by 1D SDS-PAGE. The electrophoretogram displaye@diraber of highly intensive
bands (Fig. 4.2). The majority of strongly labell@teins fell into the range of 35—
70 kDa. After the various reaction times, onlyttdiqualitative difference between
the spectra was visible. Moreover, the moleculaighte range ofin vitro
phosphorylated proteins and enriched phosphopsoteas similar and many of the
observed bands very likely corresponded to eacér ¢kig. 4.3).

Some of the strongly labelled bands were staine@BB G250 only weakly
(Fig. 4.2). These species probably representedalmmdant proteins with high
incorporation of radioactive phosphorus.

It is remarkable that several proteins showed hightensity of radioactive
labelling after 2 min compared to the intensityeaft and 15 min (see the rectangles
in Fig. 4.2). This decrease in intensity can beseduby a prevailing activity of
kinases during the first two minutes followed by amcreased activity of

A - radioactive labelling B - phosphoprotein enrichment
200
e 170/
116 wa| = o w130
97 e A
" s B
- e 100 B
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F E
—G -
H 5589 (F;
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24 @58 M5

22@m | mature pollen

Figure 4.3 — Comparison of the phosphorylation in vitro and 2D-GE spectra of the eluate
coming from MOAC phosphoprotein enrichment. A — SDS-PAGE of radioactively labelled
proteins, 11.25%T polyacrylamide resolving gel, radiography. B — 2D-GE of
phosphoprotein-enriched eluate, pl 4-7, 10 %T polyacrylamide resolving gel, RuBP
staining. The numbers on the left indicate molecular weight in kDa. The letters group

together the spots and bands that very likely correspond to each other.
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phosphatases in the subsequent incubation peridttie overall signal decreased
when the reactions reached their equilibriums.

There were also notable differences between raaogroriginating from
mature pollen and from 30-minute activated polleigy.(4.2). For instance, a 65 kDa
protein was very strongly labelled in mature poliehereas the observed signal in
30-minute activated pollen was remarkably lessnisge Since the concentration of
this protein was very similar in both stages, itlikely that the differences in
labelling intensity did not reflect a different aomd of protein but really a different
level of phosphorylation in mature pollen and 3Gweé activated pollen. Since the
proteins after radioactive labelling were not satgd to MS, their identity and the

role of their phosphorylation remained unknown.

4.3 In-gel approach

Since 1D SDS-PAGE has only a limited resolution-G@E separations of
both phosphoprotein-enriched fractions and crudeaets were performed (Fig. 4.4
and Fig 4.5). The gels were stained with a flueasadye staining total proteins —
RuBP. This stain represents a cheaper non-comrhatt@anative to the quite pricy
Sypro Ruby from Invitrogen (Rabilloud et al., 2001)

The 2D spectra of the phosphoprotein-enriched iblmowvere different from
those coming from the crude extracts (compare Fi#) @d Fig 4.5). Such
differences represent another proof of MOAC enriehtspecificity.

Mature pollen phosphoproteome was chosen as aenefer so the
identification of as many proteins as possible desired. Consequently, all visible
spots from two gel replicas of mature pollen eluatre excised and analysed by
nLC-ESI-Q/TOF. Afterwards, the gels of mature pokduate and activated pollen
eluate were compared by image analysis. Fourteats syere of a significantly two-
times different abundance between the two stage&@p). These spots were excised
also from the activated pollen gels, and analyseM8/MS. Although each of these
differentially abundant spots was picked at leasinf two gels, only ten of them
were identified. The quantitative data of thesets@oe presented in Tab. 4.1 and
Tab. S1, and the significantly different spots highlighted by a superscripted “S”
behind the MP/PT ratio. All presented candidatesevidentified according to more
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B - 30-minute activated pollen eluate
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Figure 4.4 — The representative 2D-GE images of phosphoprotein-enriched eluates. A —
mature pollen. B — 30-minute activated pollen. Approx. 50 ug proteins was separated in
pl range 4-7, and subsequently in a 10 %T polyacrylamide resolving gel; RuBP staining.
Numbered spots indicate phosphoprotein candidates that were identified by MS/MS as
listed in Table 4.1. The numbers on the left indicate molecular weight in kDa.
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A - mature pollen crude extract
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B - 30-minute activated pollen crude extract
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Figure 4.5 — The representative 2D-GE image of crude extracts. A — mature pollen. B —
30-minute activated pollen. Approx. 50 ug proteins were separated in pl range 4-7, and
subsequently on a 10 %T polyacrylamide resolving gel; RuBP staining. The numbers on

the left indicate molecular weight in kDa.

44




Table 4.1 — Identified phosphoprotein candidates from 2D-GE analysed as described in “Materials and methods” section. Proteins that were identified from at
least two gels according to at least two peptides are pinpointed with two asterisks behind the spot number, whereas proteins that were identified only once
according to at least two peptides are highlighted with one asterisk. Superscript behind accession number indicates database: a) Swissprot; b) Trembl
Viridiplantae; c) TIGR EST Solanaceae. The superscripted S behind the MP/PT ratio means a significant change between the two stages as calculated by the
PDQuest software. Note: Spot 4 was not recognised as a spot by the PDQuest software, but manually assigned. MW — molecular weight; pl — isoelectric point;
Seq. coverage — sequence coverage; Num. of pept. — number of peptides; Norm. spot volume — normalised spot volume; Ver. — verified by gel-free approach;
y — yes; n — no. Proteins significantly more abundant in mature pollen (MP/PT > 2.0) are highlighted in red, whilst proteins significantly more abundant in

activated pollen (MP/PT < 0.5) are pinpointed in green.

Activated pollen
Mature pollen (30 min)
Seq Num Norm. Varia- Norm. Varia-

Spot . Accesion Functional MW : PLGS " | spot spot Ratio

Protein name pl cove- of nce nce Ver.
# number subcategory (Da) rage score pept volume (ppm) volume (ppm) MP/PT

" | (ppm) (ppm)

Protein destination and storage
1** Calreticulin (Nicotiana tabacum) Q40567% folding and stability | 44538 | 4.18 [17.22 |13.06 |7 638.75 148.33 | 42153.57 |35.09 0.02° y
2% Calreticulin (Nicotiana tabacum) Q40567° folding and stability | 44538 | 4.18 | 21.59 |13.06 |9 16518.38 | 160.69 |[22452.45 |118.86 |0.74 n
3w bhe;:gﬂz)am'mpep“dase 1 (Arabidopsis P30184° modification 54475 |5.55 [9.62 |9.78 |4 5476.59 |20.73 |141.45  |44.04 |38.72° |n
4* Iﬁfé‘gl:rrlseo??s";?;r?ﬁ%ﬁ;igplérgihclg:r?f last Q10712* modification 60241 |5.74 | 4.20 9.32 2 not identified as spot | not identified as spot | N/A n
g 'F;fgccl:?goi"?s'gf’;r?f;d;igpzérgihc'g:ﬁf'aSt Q42876° modification 59511 |7.94 |6.85 |10.01 |3 5871.69 |[36.01 |894.30 126.02 657 |n
B tfé‘ccl:rr‘seo";‘?‘s";?;fﬂd;igpzérgihc'ﬁ:ﬁf'aSt Q42876 modification 59511 |7.94 |6.85 |10.01 |3 5465.30 |37.96 |762.26 12335 |7.17 |n

Energy
7ok ﬁ\ﬂsofé %tgifjrﬁﬁgsrr:ff;'ig?a mitochondrial | 5495 respiration 55190 |5.74 | 6.68 |10.01 |3 3823.90 |32.68 |32849 |99.49 |11.64° |n
grx Nsofigtgisljnfg:;m;f;'g?a mitochondrial | 5495 respiration 55190 |5.74 | 14.73 |10.01 |8 3739.60 |44.41 |1340.33 |[74.05 |279 |n
gr Srzusrﬁgtrhf@i;?;n“;glgﬁﬁaggi‘;g'l‘ig;‘dr'a' P17614° respiration 59819 |5.90 |21.07 |10.01 |9 417227 |63.63 |3545.61 |1512 [1.18 |y
10+ ﬁrzzui‘égﬁ“f‘&i;?fﬂ“;gﬁﬁig;;gﬁgﬂg‘d”a' P17614° respiration 59819 |5.90 | 11.61 |10.01 |5 284501 |66.17 |244058 |4558 |1.17 |n
110 ?}Tlfa;‘égt)hase subunit beta (Nicotiana Q9ZR78" respiration 59475 |6.12 |6.51 |13.06 |3 3500.72 |61.66 |2052.00 |5846 |1.71 |n
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12* ATP synthase subunit beta (Oryza sativa) Q5N7P8° respiration 45208 |5.09 |5.73 11.27 |2 2373.51 86.35 1671.26 71.92 1.42

13+ | Alcohol dehydrogenase, fragment Q42953" fermentation 41296 |6.63 | 475 |13.06 |2 4326.88 | 3.97 1672.66 | 47.47 |2.59°
(Nicotiana tabacum)

14+ gggzg:n‘;ehydmge”ase (Nicotiana Nt_TC4884° | fermentation 41324 |6.64 |9.29 |11.79 |3 434527 |19.43 [2097.85 |88.69 |2.07

15+ fFr;ZCrtnoeké?ase (Nicotiana tabacum). Nt_EB427949° | glycolysis - - |2323 |11.91 |6 574492 |29.43 |4657.99 |41.31 |1.23

16%* f':rgécr;oekr']’t‘ase (Nicotiana tabacum), Nt_EB427949° | glycolysis - - |2795 |11.91 |7 9955.21 |51.15 |7480.28 |57.68 |1.33

17% ;Z%i‘fj?ﬁf'ycerate mutase (Nicotiana P35494° glycolysis 61029 |5.95 |555 |10.01 |3 2507.34 |28.94 |1246550 |90.65 |2.01
Cell structure
Homologue to UP Q69F96 PHAVU —

18** | reversibly glycosylated protein (Nicotiana Nt_TC5256° cell wall 40193 [5.82 | 6.27 1191 (2 12685.47 |30.21 721.98 122.34 |17.57°
tabacum)
Homologue to UP Q69F96 PHAVU —

19** | reversibly glycosylated protein (Nicotiana Nt_TC5256° cell wall 40193 [(5.82 |12.54 |1191 |4 4660.57 12.05 19551 70.97 23.84°
tabacum)

g0+ | Alpha 1-4 glucan protein synthase UDP | g5 ge cell wall 41777 |6.18 |5.75 |8.90 |2 421853 |66.70 |51.62 12544 |81.73
forming (Solanum tuberosum)

21+ | Alpha 1-4 glucan protein synthase UDP Q9SC19° cell wall 41777 |6.18 |5.75 |8.90 |2 3798.14 |17.30 |313.49 |97.48 |12.12°
forming (Solanum tuberosum)

2o+ | Alpha 1-4 glucan protein synthase UDP | 1552 cell wall 41545 |565 |4.40 |931 |2 16665.02 |66.73 |522.52  |115.06 |31.89
forming (Pisum sativum)

23" | Actin (Nicotiana tabacum) Q052147 cytoskeleton 41711 |5.34 [10.08 |575 |3 0243.99 | 92.67 |12044.63 |42.78 | 0.77

24** | Actin (Solanum tuberosum) P30170% cytoskeleton 21681 | 5.87 [19.49 |9.69 3 7507.36 51.89 6803.83 28.20 1.10

25* | Actin (Chlamydomonas reinhardtii) A8JAVT® cytoskeleton 41836 |[5.30 |19.71 |13.05 |6 4395.38 42.64 1173.76 38.31 3.74
Protein synthesis
Alpha chain of nascent polypeptide

26 | associated complex (Nicotiana A2PYH3" translation control | 21910 |4.12 |13.43 |13.06 |2 1479.72  |124.27 |10014.09 |13.46 |0.15°
benthamiana)

27% z‘gsgg%‘;gu'med protein (Solanum Nt_TC4064° | translation factors | 25318 |4.47 |10.64 |11.53 |3 721.43 64.81 |4596.24 |37.79 |0.16°

28* Elongation factor 1 delta 2 (Oryza sativa) Q40682% translation factors | 24639 | 4.20 | 7.52 9.34 2 2044.42 79.44 13668.64 |10.38 0.15°
Unclassified

og+ | Similarto UniRef100_Q8LA49 globulinlike || o c199764° | — 38311 |5.83 |8.24 |11.66 |2 2097.53 |99.61 |5390.07 |21.11 |0.39

protein (Arabidopsis thaliana)
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than two peptides, several of them only in oneicaplhilst others were identified
twice, independently from both gel replicas.

Tab. 4.1 and Tab. S1 list differentially abundgmits between the two stages
together with further 19 spots that did not shogngicantly different abundance
between the two stages. Collectively, the gel apgitded to the identification of 29
spots. The identification of many proteins reliedtbe similarity to the homologues
from different species. This is not uncommon sitgleacco genomic sequences
available in the public databases do not covemnthele genome. Consequently, it
remains unclear whether several isoforms identifiech other species represent true
isoforms in tobacco — two identifiers from two ipdadent species might represent
the same tobacco homologue.

In the following part, a protein is defined as atidict identification number
in a database, i.e. each protein isoform is reghadea single protein. Seven proteins
were identified in more spots: calreticulin in sp#fl and #2, leucine aminopeptidase
2 in #5 and #6, ATP synthase subunit #7 and #8, ATP synthase subyhin #9
and #10, fructokinase in #15 and #16, reversibygagylated protein in #18 and #19,
anda 1-4 glucan protein synthase UDP forming in #20 &2d. These groups of
spots were usually clustered in the strings ofsda@me molecular weight differing in
the pl — they very likely represented the diffelgiphosphorylated forms of the very
same protein. However, they might also represeodymts of different genes (with
substitutions in their sequence).

Collectively, 29 identified spots contained 22 itist proteins (again, different
isoforms were counted as a single protein). Amotigstten proteins present in the
spots with a different abundance in mature and Buta activated pollen, four were
over-represented in the activated pollen — caluBtic(#1), a-chain of a nascent
polypeptide associated complex (#26), ripening leggd protein homologue (#27),
and elongation factor d 2 (#28). Six identified spots that had lower cortcaion in
the activated pollen eluates were leucine aminogage 1 (#3), ATP synthase
subunit a (#7), alcohol dehydrogenase (#13), and three spbta reversibly
glycosylated protein & 1-4 glucan protein synthase UDP forming (#18, #dr&d
#21).

It should be mentioned that the up- or down-regutatof a spot did not
necessarily mean total higher or lower concentnadiothe respective proteins. Many

proteins were present in more spots, referring éoenfiorms, which differed in their
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phosphorylation level. However, several isoformslddhave remained undetected
since not all the spots were identified succesgfMoreover, the appearance or
disappearance of a particular spot might or migbt lbe referring tode novo
synthesis of the respective isoform — it can be sedu by its sole
phosphorylation/dephosphorylation since a proteppeared in the eluate if
phosphorylated but remained in the flow-throughsmon-phosphorylated form.

Although the majority of the in-gel identified pems (or their different
isoforms) was also revealed by the gel-free approéeee below), leucine
aminopeptidase 1 and 2, elongation facta¥ 2 and a globulin like protein were
identified exclusively from 2D-GE separations. Téemesults highlighted the
importance of 2D-GE approach although it identifeetbwer number of proteins in
comparison with the gel-free technique.

However, several spots remained unidentified. Tregs®s were mostly less
abundant, and resulted in poor MS/MS spectra tiheatgmted successful protein
identification. It is likely that RuBP is too setigé and can also display proteins
below the MS/MS detection limits.

4.4 Gel-free approach

Since the in-gel approach discriminates severalgg®f proteins (tiny, large,
low-abundant and those with an extremely acidialkaline pl), the gel-free method
was applied in parallel to broaden the list of itfexd proteins. The eluate was
directly fragmented by trypsin so the peptidesespnted a mixture coming from all
present proteins. The peptides that could havengelb to more than one protein
(because of sequence homology) were called canfligieptides. Since their origin
remained unclear, only diagnostic peptides couldaten into consideration when
calculating the abundance of a protein. The quatihté data for each single peptide
in both mature and 30-minute activated pollen wealkeulated as an average from
three replicates. The data regarding diagnostictigep were combined and
statistically evaluated by ANOVA in order to obtdire abundance of a protein.

The gel-free approach discovered 121 proteins fiemint isoforms were
calculated as different proteins (Tab. 4.2 and B&). Four of these IDs verified the
proteins identified by the in-gel approach whil&7lof them were unique for the gel-

free approach. Such difference in number of idedtifproteins by the respective
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approaches was quite likely since during 2D-GHpigh as 80 % of the sample can
be lost (Zhou et al., 2005).

Many of the proteins were present in more isoforfies, instance alcohol
dehydrogenase (#43 and #44), fructokinase (#50H2@¥ose-bisphosphate aldolase
(#54-56), glyceraldehyde 3-phosphate dehydrogen##67—-65), adenosyl
homocysteinase (#85-88), calreticulin (#102-10&pihal binding protein (#113—
116), and 14-3-3 protein (#136-139).

The most identified proteins fell into the categsriconnected with energy
production (39 proteins), protein destination atatagye (24), and metabolism (19).
Other categories were also represented, namelgiprsynthesis (11), cell structure
(11), signal transduction (8), transport (3), arsdse/defence (2). Interestingly, four
proteins were listed as unclassified.

Only proteins with a two-fold difference in abundanwere considered as
differentially abundant, and are shown in Tab. id.2ed (more abundant in mature
pollen) or green (more abundant in activated pgll€moteins taking part in energy
production were usually more concentrated in theivaed pollen — e.qg.
phosphoglycerate kinase (#68), and fructose-bigptaie aldolase (#55). Certain
isoforms of glyceraldehyde 3-phosphate dehydrogena&se up-regulated (#58, #62,
#63, and #65) or down-regulated (#60) in activapedlen. On the other hand,
fructokinase (#50), pyruvate decarboxylase (#4@) AP synthase subunit (#74—
76) were more abundant in mature pollen. On théraon a higher concentration in
activated pollen was demonstrated for proteinsipgagole in protein destination and
storage, calreticulin (#102-104), luminal bindingotein 4 (#115) and a GrpE
protein (#121, and #122). Heat shock protein 8#812), endoplasmin (#107) and
luminal-binding protein 3 (#114) were more comman rmature pollen. Many
proteins playing role in amino acid metabolism weatso less abundant in the
activated pollen — homocysteine methyltransferag®2484), and adenosyl
homocysteinase (#86—88). Other proteins less almiimadahe activated pollen were
the translation factors #131, #133, and #134 wiscotizer translation factors (#126,
#127, and #132) were present in higher abundanigieréntially expressed signal
transducers and proteins involved in determininldy steucture, in the disease and
defence response, and in transport were mostlyctassnon in the activated pollen —
14-3-3 protein (#136—139), Rab-GDP dissociationbinbr (#142), tubulin (#38, and
#39), and V-type proton ATPase (#145).
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Table 4.2 — Identified phosphoprotein candidates by the gel-free approach analysed as described in “Materials and methods” section. Number of peptides
indicates the total number of peptides, according to which the protein was identified. The number in the brackets represents number of unique peptides that
contribute to the calculation of protein abundance. Proteins more abundant in mature pollen (MP/PT > 2.0) are highlighted in red, whilst proteins more

concentrated in activated pollen (MP/PT < 0.5) are pinpointed in green.

Accesion Number of Normalised Normalised :
Pro- ) abundance Ratio
A . number . LC-MS peptides abundance ) ANOVA
tein Protein name . Functional subcategory : . (30-minute (MP/
(UniRef90 score (diagnostic (mature . (p)
# 9 peptides) pollen) activated PT)
pollen)
Cell structure
30 | AlPha-1,4-glucan-protein synthase [UDP-forming] 1 (Solanum | hg519 | celf wall 362.75 6 (5) 1392.89 1013.50 1.37 | 4.85E-03
tuberosum)
31 | Reversibly glycosylated polypeptide-3 (Arabidopsis thaliana) Q8LB19 cell wall 218.32 3(2) 414.16 373.34 111 2.00E-02
32 | Actin 2, fragment (Vitis vinifera) Q94KCO | cytoskeleton 442.95 4 (1) 260.98 182.40 1.43 8.92E-04
33 | Actin, fragment (Solanum melongena) D5LXPO cytoskeleton 1223.75 8 (1) 168.18 116.01 1.45 3.00E-02
34 | Actin-12 (Arabidopsis thaliana) P53497 cytoskeleton 2151.77 20 (4) 890.18 707.85 1.26 5.28E-03
35 | Actin-46, fragment (Solanum tuberosum) P93586 cytoskeleton 1427.58 12 (1) 539.81 316.07 1.71 4.66E-03
36 | Actin-54, fragment (Nicotiana tabacum) P93373 cytoskeleton 1826.46 12 (1) 237.95 200.64 1.19 2.00E-02
37 | Actin-75 (Solanum tuberosum) P30169 cytoskeleton 1708.56 19 (5) 2286.58 1793.35 1.28 1.00E-02
38 | Tubulin alpha-2 chain (Oryza sativa var. japonica) Q53M52 cytoskeleton 589.99 8 (4) 1264.59 421.10 3.00 1.63E-07
39 | Tubulin alpha-2/alpha-4 chain (Arabidopsis thaliana) P29510 cytoskeleton 700.15 8 (4) 1189.79 591.45 2.01 2.28E-06
40 | Tubulin beta-4 chain (Arabidopsis thaliana) P24636 cytoskeleton 229.96 3(1) 539.88 310.39 1.74 9.60E-05
Disease/defence
41 | Monodehydroascorbate reductase (Solanum lycopersicum) Q43497 detoxification 129.44 2 653.25 440.49 1.48 6.19E-03
42 | Chilling-responsive protein (Nicotiana tabacum) B6RCMO | stress responses 163.16 3 847.58 770.27 1.10 1.94E-05
Energy
43 | Alcohol dehydrogenase 1 (Petunia hybrida) P25141 fermentation 1596.71 16 (10) 3104.63 4344.41 0.71 2.01E-05
44 | Alcohol dehydrogenase, fragment (Nicotiana acaulis) D41613 fermentation 751.49 7(2) 881.00 1118.26 0.79 2.86E-06
45 | Aldehyde dehydrogenase, NAD" (Nicotiana tabacum) P93344 fermentation 121.92 3 215.58 188.83 1.14 2.20E-04
46 | Pyruvate decarboxylase isozyme 2 (Nicotiana tabacum) P51846 fermentation 728.32 12 2914.82 1258.51 2.32 1.12E-05
47 | %3-bisphosphoglycerate-independent phosphoglycerate P35494 | glycolysis 125520 |15 (6) 1112.67 1557.40 071 |2.53E-05
mutase (Nicotiana tabacum)
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2,3-bisphosphoglycerate-independent phosphoglycerate

48 mutase 1 (Arabidopsis thaliana) 004499 glycolysis 445.10 6 (1) 47.81 82.05 0.58 8.77E-04
49 | E1 alpha subunit of pyruvate dehydrogenase (Petunia hybrida) | QSECP6 | glycolysis 409.60 4 (3) 312.29 370.58 0.84 1.10E-03
50 | Fructokinase (Solanum lycopersicum) 004897 glycolysis 184.01 3(1) 180.79 79.33 2.28 7.62E-03
51 | Fructokinase (Solanum tuberosum) P37829 glycolysis 415.56 5(2) 592.36 531.95 1.11 7.50E-03
52 | Probable fructokinase-1 (Arabidopsis thaliana) Q9SID0 glycolysis 355.26 4 (1) 77.91 76.14 1.02 1.64E-05
53 | Putative fructokinase-5 (Arabidopsis thaliana) 082616 glycolysis 432.03 5(4) 1923.92 2581.26 0.75 1.61E-05
54 | Fructose-bisphosphate aldolase (Arabidopsis thaliana) Q9LF98 glycolysis 517.91 6 (1) 255.12 357.51 0.71 6.31E-04
55 | Fructose-bisphosphate aldolase (Solanum tuberosum) Q2PYX3 | glycolysis 749.53 8(2) 339.19 1192.89 0.28 3.22E-09
Fructose-bisphosphate aldolase, fragment (Solanum : _
56 lycopersicum) Q94FU4 | glycolysis 437.92 5(1) 132.69 259.80 0.51 4.75E-05
Glyceraldehyde 3-phosphate dehydrogenase (Solanum . _
57 lycopersicum) 004106 glycolysis 987.41 9(1) 44.87 62.76 0.71 3.72E-03
5g | Glyceraldehyde 3-phosphate dehydrogenase, fragment Q43833 | glycolysis 693.80 72) 538.15 2003.99 0.27 6.68E—05
(Solanum tuberosum)
59 gzg;z')dehyde'&ph“phate dehydrogenase (Arabidopsis P25858 | glycolysis 113005 |11 (2) 378.14 641.63 059  |9.96E-07
g0 | Glyceraldehyde-3-phosphate dehydrogenase (Atriplex P34783 | glycolysis 822.00 8 (1) 9.90 1.83 5.41 1.00E-02
nummularia)
61 Sr']ﬁirr?]';jehyde'3'ph05phate dehydrogenase (Capsicum Q8VWN9 | glycolysis 14359 |2(1) 229.50 224.21 102 |2.00E-02
62 | Glyceraldehyde-3-phosphate dehydrogenase (Magnolia liliiflora) | P26518 glycolysis 469.57 5(1) 9.47 124.03 0.08 4.53E-04
g3 | Glyceraldehyde-3-phosphate dehydrogenase, fragment C7E4Z7 | glycolysis 691.06 |7(3) 693.90 1807.04 038 |4.26E-06
(Coelogyne fimbriata)
g4 | Glyceraldehyde-3-phosphate dehydrogenase, fragment ALBQWO | glycolysis 1097.34 |12 (3) 575.17 1122.67 051  |3.00E-02
(Nicotiana attenuata)
65 | Glyceraldehyde-3-phosphate dehydrogenase (Vitis vinifera) D7TAM6 | glycolysis 791.03 7(2) 643.54 1739.31 0.37 1.09E-05
66 | Phosphoglucomutase (Solanum tuberosum) Q9M4G4 | glycolysis 368.04 5 1121.77 643.51 1.71 5.91E-04
67 | Phosphoglycerate kinase (Nicotiana tabacum) Q42962 glycolysis 2113.18 18 (8) 3854.27 5512.84 0.70 4.90E-04
68 | Phosphoglycerate kinase (Solanum tuberosum) Q2V9C6 | glycolysis 1344.20 12 (2) 322.16 702.96 0.46 3.69E-04
69 | Phosphoglycerate mutase, fragment (Nicotiana attenuata) A1BQW?7 | glycolysis 899.42 8(2) 212.48 400.61 0.53 2.23E-06
70 | Putative UDP-glucose dehydrogenase 1 (Nicotiana tabacum) Q6IVK7 glycolysis 1934.62 20 (12) 4281.77 3016.86 1.42 3.33E-04
71 | Triosephosphate isomerase (Petunia hybrida) P48495 glycolysis 495.55 5(4) 420.21 764.28 0.55 6.27E-07
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72 | Triosephosphate isomerase (Solanum tuberosum) Q3HRV9 | glycolysis 250.61 2(1) 823.85 1142.91 0.72 2.85E-04
73 | ATP synthase subunit alpha (Arabidopsis thaliana) P92549 respiration 1066.26 12 (1) 153.75 157.98 0.97 2.00E-02
74 | ATP synthase subunit alpha, fragment (Arabidopsis thaliana) A7KNE3 | respiration 1011.16 12 (3) 422.66 124.81 3.39 7.70E-04
75 | F1-ATP synthase subunit alpha, fragment (Nicotiana repanda) | 063701 respiration 408.71 4 3101.34 1515.44 2.05 5.48E-05
76 | F1-ATPase alpha subunit (Gymnosiphon divaricatus) B3FTT5 respiration 290.12 2(1) 1223.70 593.89 2.06 2.15E-04
77 g;‘;‘gj;f‘)’( %ggﬁgﬁg{;ﬁj?{mh“e subunit alpha (Nicotiana | 37046 | respiration 4201 |72 691.83 391.37 177  |3.81E-03
78 | ATP synthase subunit beta (Nicotiana plumbaginifolia) P17614 respiration 2086.19 20 (6) 2433.39 2196.57 111 2.53E-05
79 | ATP synthase subunit beta (Sorghum bicolor) C5XGT6 | respiration 1487.99 14 (2) 687.51 528.96 1.30 6.80E-03
80 | Aconitase, fragment (Solanum pennellii) Q84NI5 TCA pathway 332.75 6 501.97 445.33 1.13 5.25E-04
81 | Isocitrate dehydrogenase, NADP" (Solanum tuberosum) P50217 TCA pathway 139.23 4(2) 158.48 89.29 1.77 4.00E-02
Metabolism
82| > 2:ﬁ;?tfgﬁgfi?gggo(pAtf;g?’c'jtgg‘i’Stihmzjitae;a';°mOCVStei”e 050008 | amino acid 1499.64 |11 (4) 1311.06 394.29 333 | 4.01E-05
83 r5n g;ﬁ;rl‘ggﬁgfaegg;"{’ézﬁg:gg{ﬁLi":g“s‘fe‘ug)om°°y5te'”e Q42699 | amino acid 1574.83 |15 (8) 4608.80 1801.35 256 | 1.61E-06
84 fn 2:ﬁ;ﬁgﬁg&ggg’lﬁ’lirgi’g{é?r']“tﬁ%ﬁi}?&”r‘ggﬁgggs ti:aliana) QOWP70 | amino acid 66345 | 6(2) 397.85 121.88 326 |B8.84E-05
85 | Adenosylhomocysteinase (Catharanthus roseus) P35007 amino acid 1424.50 16 (1) 238.58 124.40 1.92 1.45E-04
86 | Adenosylhomocysteinase 1 (Arabidopsis thaliana) 023255 amino acid 1623.63 16 (1) 382.44 189.53 2.02 2.31E-05
87 | Adenosylmonocysteinase (Arabidopsis thaliana) A8MQP1 | amino acid 1181.17 9(1) 309.13 144.14 2.14 1.76E-04
88 | Adenosylhomocysteinase (Arabidopsis thaliana) CO0Z3F3 amino acid 1007.21 10 (1) 272.04 133.79 2.03 3.00E-02
89 | Glutamine synthetase (Nicotiana plumbaginifolia) pP12424 amino acid 143.00 2(1) 227.71 120.68 1.89 4.57E-04
90 | Glutamine synthetase (Solanum tuberosum) Q9FPT8 | amino acid 131.76 2(1) 241.42 171.19 141 4.00E-02
91 f{lgg‘;gﬂzg')""homocyﬁei“e hydrolase, fragment (Solanum Q9SP98 | amino acid 83239 |6(1) 3183.51 2742.16 116 | 4.16E-03
92 | S-adenosylmethionine synthase 3 (Arabidopsis thaliana) Q9SJL8 amino acid 788.78 10 (6) 994.84 1460.75 0.68 1.79E-06
93 | S-adenosylmethionine synthase 4 (Arabidopsis thaliana) Q9LUT2 | amino acid 734.85 8(4) 458.52 837.72 0.55 4.10E-06
94 | S-adenosylmethionine synthase, fragment (Plantago major) Q2YHN7 | amino acid 464.32 5(@) 45.35 74.15 0.61 3.92E-03
95 | Serine hydroxymethyltransferase (Arabidopsis thaliana) 023254 amino acid 140.57 2 299.50 423.09 0.71 3.85E-05
96 | Adenosine kinase isoform 1T-like protein (Solanum tuberosum) | Q2XPV0O | nucleotides 695.87 6(2) 944.20 948.08 1.00 2.80E-03
97 | Adenosine kinase, fragment (Nicotiana benthamiana) Q5XPZ0 | nucleotides 670.62 7(3) 242.97 317.51 0.77 4.00E-02
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98 | Nucleoside diphosphate kinase (Solanum tuberosum) D3U1X1 nucleotides 281.74 4 483.27 631.99 0.76 1.41E-03

99 | UDP-glucose 6-dehydrogenase (Glycine max) Q96558 sugars and polysaccharides | 937.90 9(2) 222.07 127.20 1.75 3.00E-02
100 :ﬂ;g;g'sltcn‘z)se'l'phos"hate uridylyltransferase (Solanum P19595 | sugars and polysaccharides | 464.84 5 (4) 637.04 790.52 0.81 8.20E—04

Protein destination and storage
101 | Calnexin-like protein (Solanum lycopersicum) Q4wW5U7 | folding and stability 142.41 2 873.77 1020.11 0.86 2.57E-04
102 | Calreticulin (Nicotiana plumbaginifolia) Q40401 folding and stability 2605.91 20 (1) 774.09 5806.43 0.13 9.98E-05
103 | Calreticulin, fragment (Nicotiana tabacum) Q40567 folding and stability 3291.73 30 (9) 4798.06 36500.00 0.13 3.96E-09
104 | Calreticulin-like protein, fragment (Solanum melongena) Q9ST29 folding and stability 1753.30 16 (2) 383.90 1896.18 0.20 2.74E-05
105 | Calreticulin (Solanum tuberosum) Q38HV3 | folding and stability 1391.14 13 (2) 944.32 1231.83 0.77 5.24E-04
106 | Chaperonin CPN60 (Arabidopsis thaliana) P29197 folding and stability 291.16 4 639.99 741.14 0.86 3.78E-06
107 | Endoplasmin homolog (Arabidopsis thaliana) Q9STX5 | folding and stability 142.61 2 865.50 401.55 2.16 1.74E-04
108 | Heat shock cognate 70 kDa (Petunia hybrida) P09189 folding and stability 1548.23 16 (1) 842.91 1037.77 0.81 2.51E-04
109 | Heat shock cognate 70 kDa protein 2 (Solanum lycopersicum) pP27322 folding and stability 2091.32 21 (3) 941.49 1039.93 0.91 5.62E-03
110 | Heat shock protein 70, fragment (Nicotiana benthamiana) Q6L9F6 folding and stability 904.63 7(3) 186.10 197.91 0.94 1.79E-04
111 | Heat shock protein cognate 70, fragment (Sorghum bicolor) Q41291 folding and stability 608.59 6 (1) 1100.39 1608.43 0.68 3.00E-02
112 | Heat shock protein 81-3 (Arabidopsis lyrata subsp. lyrata) D7ML65 | folding and stability 471.30 5(1) 593.37 169.34 3.50 5.26E-04
113 | Luminal-binding protein 1 (Arabidopsis thaliana) QI9LKR3 | folding and stability 1228.99 13 (1) 46.08 63.54 0.73 4.82E-04
114 | Luminal-binding protein 3, fragment (Nicotiana tabacum) Q03683 folding and stability 253.00 5(@) 69.79 32.81 2.13 2.00E-02
115 | Luminal-binding protein 4 (Nicotiana tabacum) Q03684 folding and stability 1767.80 17 (3) 160.86 451.84 0.36 9.30E-04
116 | Luminal-binding protein 8, fragment (Nicotiana tabacum) Q03686 folding and stability 489.41 6 (1) 102.28 129.13 0.79 7.92E-05
117 | Uncharacterised protein (Arabidopsis thaliana) Q3E8J0 folding and stability 1501.56 15 (1) 1.94 60.28 0.03 9.25E-03
118 | Predicted protein (Populus trichocarpa) B9GIRO folding and stability 420.97 5(4) 844.45 492.50 1.71 4.73E-06
119 | Alanine aminotransferase (Capsicum annuum) Q6VEJ5 modification 594.64 8 960.27 1869.54 0.51 8.43E-05
120 | Polyubiquitin 8 (Arabidopsis thaliana) Q39256 modification 252.81 3 1533.59 1663.93 0.92 4.37E-03
121 | GrpE protein homolog (Nicotiana tabacum) Q9ZSP4 | targeting 336.66 5(4) 547.91 2171.18 0.25 3.79E-05
122 | GrpE protein homolog (Nicotiana tabacum) Q9ZSP3 | targeting 262.70 3(2) 106.92 308.59 0.35 2.52E-05
123 | GTP-binding nuclear protein Ran-1 (Arabidopsis thaliana) P41916 targeting 181.15 3(1) 299.49 417.14 0.72 2.00E-02
124 | Mitochondrial processing peptidase (Solanum tuberosum) Q41440 targeting 254.20 3 165.99 179.56 0.92 2.36E-05
Protein synthesis

125 | 60S acidic ribosomal protein-like protein (Solanum tuberosum) | Q3HVPO | ribosomal proteins 390.49 3 730.48 3621.96 0.20 1.11E-08
126 | Alpha chain of nascent polypeptide associated complex A2PYH3 | translation control 1442.00 |9 (6) 1485.21 24000.00 |0.06 |2.54E-06

(Nicotiana benthamiana)
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127 | Predicted protein (Arabidopsis lyrata subsp. lyrata) D7KZS1 translation control 734.27 5(3) 537.74 5678.95 0.09 1.01E-06
128 | Elongation factor 1 alpha, fragment (Capsicum chinense) Q08IG4 translation factors 883.87 7@1) 296.32 154.07 1.92 8.23E-05
129 | Elongation factor 1-alpha (Ricinus communis) B9RWF3 | translation factors 803.59 7@1) 2584.72 4239.83 0.61 4.96E-04
130 | Elongation factor 1-alpha (Arabidopsis thaliana) P13905 translation factors 1351.04 13 (3) 759.06 769.82 0.99 1.00E-02
131 | Elongation factor 2 (Beta vulgaris) 023755 translation factors 242.01 3(2) 531.38 231.57 2.29 2.44E-03
132 | Elongation factor-like protein (Solanum tuberosum) Q3HVL1 | translation factors 520.84 9(7) 1380.84 3088.50 0.45 9.38E-07
133 | Eukaryotic initiation factor 4A-13, fragment (Nicotiana tabacum) | Q40466 translation factors 262.19 2 1179.60 468.21 2.52 1.89E-06
134 | Putative elongation factor, fragment (Arabidopsis thaliana) Q8H145 translation factors 348.11 5(2) 683.51 311.96 2.19 9.78E-04
135 | Ripening regulated protein DDTFR10 (Solanum lycopersicum) | Q9FR30 | translation factors 544.59 5(@) 1506.39 2319.32 0.65 9.78E-06
Signal transduction
136 | 14-3-3 protein, fragment (Nicotiana tabacum) Q948K2 mediators 361.45 6 (1) 50.69 13.04 3.89 6.88E-03
137 | 14-3-3-like protein 16R (Solanum tuberosum) P93784 mediators 784.61 8(3) 972.82 254.28 3.83 7.06E-05
138 | 14-3-3-like protein B (Nicotiana tabacum) 049995 mediators 674.29 8 (1) 331.01 141.93 2.33 7.01E-05
139 | 14-3-3-like protein GF14 iota (Arabidopsis thaliana) Q9C5W6 | mediators 160.34 2(1) 170.08 17.28 9.84 5.78E-04
140 | GDP dissociation inhibitor (Arabidopsis thaliana) QI9LXCO | others 326.95 5(2) 335.20 294.27 1.14 7.86E-03
141 | Pollen tube RhoGDI2 (Nicotiana tabacum) Q1ZZN8 | others 157.87 2 582.36 1625.61 0.36 1.14E-05
142 | Rab-GDP dissociation inhibitor (Nicotiana benthamiana) COLSK7 others 397.37 6 (1) 23.36 2.78 8.40 3.49E-03
143 | Rab-GDP dissociation inhibitor (Solanum lycopersicum) A5CKE3 | others 666.88 9(3) 1163.17 933.58 1.25 5.17E-03
Transporters
144 | ADP/ATP carrier protein 1, mitochondrial (Arabidopsis thaliana) | P31167 purine/pyrimidines 152.95 2 522.66 526.99 0.99 4.23E-03
145 | V-type proton ATPase catalytic subunit A (Arabidopsis thaliana) | 023654 transport ATPases 161.04 3 689.26 236.15 2.92 5.12E-05
146 | V-type proton ATPase subunit B2 (Arabidopsis thaliana) Q9SZN1 | transport ATPases 184.46 3 1098.07 903.28 1.22 2.00E-02
Unclassified
147 | ArcA 3 protein, fragment (Nicotiana tabacum) 065851 - 160.59 2 1006.45 545.49 1.85 9.11E-04
148 | AT1G07750 protein, fragment (Arabidopsis thaliana) BODHT6 - 258.93 3 1951.12 5154.57 0.91 1.92E-03
149 | Putative uncharacterised protein (Arabidopsis thaliana) Q56WY3 | — 200.94 4 (1) 100.28 79.27 1.27 1.35E-04
150 | Putative uncharacterised protein (Solanum tuberosum) Q38HUS5 - 549.18 6 1699.91 1026.93 1.66 1.12E-05
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4.5 The identification of phosphorylation sites

Amongst the 139 proteins identified by both in-geld gel-free approaches
performed on the phosphoprotein-enriched samplly, @me exact phosphorylation
site was unambiguously identified, particularly ppborylated threonine in the
KY T* EVKPALK peptide from 5-methyltetrahydropteroyltnghmate—
homocysteine methyltransferase (#82). Thus it wWas key importance to identify

the phosphorylation sites in more of the phosphmocandidates since the MS-

Extracted from: L'\User\Radau. Sonja\DatentVelos02_02186.raw #37547 RT: 14251
ITMS, CID, z=+2, Mono miz=832 86353 Da, MH+=1664.71977 Da, Match Tol.=0.4 Da
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#1 b+ b Seq. v y #2
1 102.05496 51.53112 F 13
2 201.12338 101.06533 v 1563.67025 782.33876 | 12
3 329.18196 165.09462 Q 1464.60183 732.80455 11
4 476.25038 238.62883 F 1336.54325 668.77526 10
S 575.31880 288.16304 v 1189.47483 595.24105 9
6 690.34575 345.67651 D 1090.40641 545.70684 8
7 876.42507 438.71617 W 975.37946 488.19337 7
8 1036.45572 518.73150 C-Carbamidomethyl 789.30014 395.15371 6
9 1133.5084% 567.25788 B 629.26948 315.13838 5
10 1314.52250 657.76489 T-Phosp 532.21671 266.61199 | 4
11 1371.54397 686.27562 G 351.20270 176.10499 3
12 1518.61239 759.80983 E 294.18123 147.59425 2
13 K 147.11281 74.06004 1

Figure 4.6 — A representative MS/MS spectrum of a peptide TVQFVDWCPT*GFK from
a-tubulin (accession number Q9SQ71, the first peptide of group 7 in Table 4.3). T*
means phosphorylated threonine. Dissociated y- and b-peptides detected by MS/MS
are pinpointed in red (b-ions) or blue (y-ions). Both singly- and doubly-charged

peptides were taken into account.
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identification of a phosphorylation site is a dé@Bnproof that a protein was really
phosphorylated, and was not a false positive.

To enable the unambiguous identification of a higheumber of
phosphorylation sites, parallel phosphopeptidechnmient using titanium dioxide (a
technique known also as TAMOAC) was performed (Pinkse et al., 2004; Beck et
al., 2011). The total proteins extracted by TCAface from mature pollen were
trypsin-digested and the peptide mixture was eedciThe phosphopeptide-enriched
fraction was analysed by nLC-MS/MS (for a represive MS/MS spectrum, see
Fig. 4.6).

Since it was difficult (if not impossible) to assig given phosphopeptide to a
particular homologue, and many of the proteins widentified by homologous
sequences from different plant species, the idedtiphosphorylation sites were
listed into protein groups containing more isoforofisthe same protein. In total, 69
phosphopeptides catalogued into 19 protein groupse wdentified by titanium
dioxide enrichment (Tab. 4.3 and Tab. S3).

Although all of these 69 peptides were shown tpt@sphorylated, the exact
position of phosphorylation site could not be assdyin case of six peptides
pinpointed in Tab. 4.3 in gray. Furthermore, selvefathese peptides led to the
identification of the same phosphorylation sitey(& couple of peptides where one
was completely cleaved and the second containedmsieleavage site or a couple
of peptides where one represented the native fowintlae other the modified form,
for instance containing carbamylated cysteine)psly 51 distinct phosphorylation
sites present in 50 phosphopeptides (one peptidedwably phosphorylated) were
identified after phosphopeptide enrichment. Togethi¢éh the only phosphorylation
site from the gel-free approach following phosplod@in enrichment, 52 individual
phosphorylation sites from 18 groups of proteingeweevealed (Tab. 4.3). The
phosphorylation sites were detected exclusivelysenne (35 sites) and threonine
(17); there was not identified any site on tyrosine

Only one of the phosphorylated peptides was douigsphorylated —
peptide MHLFVSRIS*HSTQRSIF@*VK from ATPase subunit 8. The other
phosphopeptides with an unambiguous phosphorylat®ite were singly
phosphorylated.

Several phosphoprotein candidates were shown to rbaltiply

phosphorylated, for instance vacuolar ATPase (#1), a ripening regulated protein
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homologue (#5), globulin-like protein (#6), fruckodisphosphate aldolase (#9),
glyceraldehyde-3-phosphate  dehydrogenase (#10), etbyitetrahydropteroyl-
triglutamate—homocysteine methyltransferase (#ddgénosyl homocysteinase (#12),
60S ribosomal protein (#15), and RhoGDI (#18). Besj only one phosphorylation
site was identified in 2,3-bisphosphoglycerate-petelent phosphoglycerate mutase
(#3), and heat shock protein 90 (#13), amongstrsthe
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Table 4.3 — List of phosphorylation sites identified after the TiO,-MOAC phosphopeptide enrichment from mature pollen. The proteins are grouped according
to their names, in some cases listing together several isoforms of the same protein since they are hard to be distinguished from each other due to tobacco not
being completely sequenced. The phosphorylation site is highlighted in bold and the given phosphorylated amino acid is followed by an asterisk. The oxidised
methionine is pinpointed as M> whereas carbamidomethylated cystein is written as C". The peptides with ambiguous position of phosphorylation site are
shown in gray. The superscripted humber behind the accession humber indicates database: a) UniProt, 90 % homology clusters, Viridiplantae; b) TIGR EST

Nicotiana tabacum. MH" [Da] — molecular weight in daltons; pRS sc. — pRS score; Mascot ion sc. — Mascot ion score; # MC — number of mis-cleavages.

Mas | Seq-
. . . pRS site MH" pRS |cot |uest |#
Protein name Sequence Protein group accessions probabilities [Da] sc. ion xCor | MC
sC. r
Plasma membrane ATPase 4 (Nicotiana " a T(6): 0.0; Y(11): 0.0;
1 plumbaginifolia) GLDIETIQQHYT*V NT_TC82708_1 T(12): 100.0 1596.73 | 201 |55 289 |0
S(6): 13.0; S(9):
_ o o . . a 60.9; S(11): 13.1;
ATPase subunit 8 (Desmarestia viridis) M”HLFVSRLS*HSTQRSIFGT*VK NT_TC78171_1 T(12): 13.1; S(15): 2607.24 | 37 340 |2
5.4; T(19): 94.5
. - S(2): 100.0; T(9):
Vacuolar H -ATPase AL subunit isoform PS*LFGGPMTTFEDSEK NT_TC79070_1° 0.0; T(10): 0.0; 182276 | 171 |72 0
(Solanum lycopersicum) .
S(14): 0.0
N - S(2): 100.0; T(9):
Vacuolar H -ATPase Al subunit isoform PS*LFGGPM™TTFEDSEK NT_TC79070_1° 0.0; T(10): 0.0; 1838.75 | 117 |49 0
(Solanum lycopersicum) .
S(14): 0.0
Vacuolar H'-ATPase AL subunit isoform GVS*VPALDK NT_TC79070_1° S(3): 100.0 965.47 |95 |33 0
(Solanum lycopersicum)
S(4): 0.0; Y(5): 0.0;
S . b S(8): 0.0; S(13):
2 | Allyl alcohol dehydrogenase (Nicotiana tabacum) | IEGSYVESFAPGS*PITGYGVAK QI9SLN8 100.0; T(16): 0.0; 2309.07 [177 |60 414 |0
Y(18): 0.0
S(5): 0.0; Y(6): 0.0;
icoti * a S(Q) 0.0; 5(14)
Allyl alcohol dehydrogenase (Nicotiana tabacum) | KIEGSYVESFAPGS*PITGYGVAK NT_TC78085_1 99.5; T(17): 0.2; 2437.17 |72 46 1
Y(19): 0.2
2,3-bisphosphoglycerate-independent AHGNAVGLPTEDDM”GNS*EVGHN a a | T(10): 0.2; S(17):
s phosphoglycerate mutase (Nicotiana tabacum) ALGAGR NT_TC77653_1', NT_TC80529_1 99.8 2842.23 | 77 36 330 10
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Ripening regulated protein DDTFR10-like

ISGVSGEGAGVTVEGSAPITEEAVAT

S(2): 0.0; S(5): 0.0;
T(12): 0.0; S(16):

! NT_TC77461_1° 0.0; T(20): 0.0; 314850 | 129 |49 |36l
(Solanum tuberosum) PPAADTK T(26): 99.9: T(32):
0.0
Ripening regulated protein DDTFR10-like . a S(2): 0.0; S(8): 0.0;
A it DSDQEDGSIAPFS*GK NT_TC87771 1 S 1000 163264 [121 |34
- ) — N NT_TC79679_ 1%, NT_TC84734_1°| T(1): 0.0; S(4): 1.7;
Globulin-like protein (Arabidopsis thaliana) TLVSS*QTAQGIVK NT TC86230_1° S(5): 96.6; T(7): 1.7 1411.72 |152 |76
Globulin-like protein (Arabidopsis thaliana) LDS*GFQMPEPK NT_TC79679_1, NT_TC84734_1"| g5y 1000 132856 [144 |51 |2.94
NT_TC86230 1
Alpha-tubulin, Fragment (Gossypium hirsutum) | TVQFVDWC™PT*GFK 095Q71° Ic()%):oo'o; T(10): 1664.72 | 200 |51 |3.58
Tubulin alpha-4 chain (Gossypium hirsutum) TIQFVDWC™"PT*GFK BODFF8" Ic()%)):oO'O; T(10): 1678.74 | 186 |51 |3.79
— o NT_TC77583_15, NT_TC77710_1°| T(2): 0.0; T(11):
Alpha-tubulin (Nicotiana tabacum) RTIQFVDWC"PT*GFK NT_TC78231 1° NT TC80038 1* |100.0 1834.84 (193 |51 3.18
a a| T(1): 1.4; T(10):
R TIQFVDWC™PT*GFKC"GINYQPPT | NT_TC77583_1°, NT_TC77710_1 L4 T(10):
Alpha-tubulin (Nicotiana tabacum) VVPGGDLAK NT_TC78231 1° NT_TC80038_1° 3?22)%15) 1.4; 3545.68 | 40 3.67
;ﬂ;‘(‘:’jﬁ)decarboxy'ase isozyme (Nicotiana IFVPEGT*PLK NT_TC80900_1° T(7): 100.0 1180.60 | 115 |38
;f;‘;’j:%decarboxy'ase isozyme (Nicotiana IFVPEGT*PLKSEPNEPLR NT_TC80900_1° g(g): 100.0;S(A1): 1510306 |138 |37 |3.46
;f;’(‘:’j:s)decarboxy'ase isozyme (Nicotiana RIFVPEGT*PLK NT_TC80900_1° T(8): 100.0 1336.70 | 125 |36
Fructose_—blsphosphate aldolase (Ricinus GILAADES*TGTIGKR BOSRH4®; Q2PYX3 S(8): ?7.0; T(9): 2.9; 1568.77 | 151 |61 457
communis) T(11): 0.1
Fructose-bisphosphate aldolase (Ricinus GILAADES*TGTIGK BISRHA" Q2PYX3" S(8): 96-3; T):35 | 141067 | 150 |53
communis) T(11): 0.2
Fructose-bisphosphate aldolase (Ricinus YADELIANAAYIGT*PGK BOSRH4® Y(1):0.0, Y(11): 0.0, | 1546 86 | 276 |92 | 4.02
communis) T(14): 100.0
Y(1): 0.0; S(4): 0.0;
Fructose-bisphosphate aldolase (Solanum YAGSSNLSEGAS*ESLHVK NT FG156892 1° S(5): 0.0: S():0.0; | 191584 164 |67 |4.43
lycopersicum) S(12): 0.0; S(14):
100.0
" T(1): 0.0; S(13):
Fructose-bisphosphate aldolase (Solanum TMPAAVPAVVFLS*GGQSEEEATR | NT_FG156892 1° 100.0; S(17): 0.0  |2427.14 |185 |66 |4.19

lycopersicum)

T(22): 0.0
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Fructose-bisphosphate aldolase (Solanum

T(1): 0.0; S(13):

lycopersicum) TM>PAAVPAVVFLS*GGQSEEEATR | NT_FG156892_ 1% 100.0; S(17): 0.0; 2443.12 | 167 |44 442 |0
yeop T(22): 0.0
i Y(1): 0.0; T(5): 0.0;
Eg‘g:gzﬁrgfph“phate aldolase (Solanum YAGATNLSEGASES*LHVK NT_TC78239_1° S(8): 0.0; S(12): 0.0; [1913.87 | 191 |73 |3.95 |0
S(14): 100.0
i . T(1): 0.0; S(13):
ngg:gzﬁnt:;sphosphate aldolase (Solanum I&A:GQXPAWFLS GGQSEEEATVN NT_TC78239_1° 97.8: S(17): 2.2; 3155.48 | 93 46 402 |o
T(22): 0.0
i ox " T(1): 0.0; S(13): 0.4;
ngg:gzﬁnt:;sphosphate aldolase (Solanum LI\IZIN:’\AAQ\éPAWFLSGGQSEEEAT \% NT_TC78239_1° S(17): 0.4: T(22): 3171.47 | 87 35 0
99.3
Fructose-bisphosphate aldolase (Solanum RFS*SINVENVESNR NT TC78239 18 NT TC118911 1° | 5(G): 99-9:S(4): 0.5 | 425578 | 194 |64 |359 |1
tuberosum) S(12): 0.0
_bhi Cm, * . . .
Fructose-bisphosphate aldolase (Solanum YAIIC™"QQNGLVPIVEPEILVDGS*HDI NT_TC78239_1° NT TC118911 1° Y(1): 0.0; S(23): 321459 | 124 | 49 318 |o
tuberosum) NK 100.0
-3- b b b | T(9): 0.0; T(10): 0.0;
10 Glyceraldehyde 3-phosphate dehydrogenase FGIVEGLMTTVHSITAT*QK COLDle, D7UBG8°, DOEF74°, S(13): 0.0; T(15): 212903 | 163 |54 398 |0
(Dimocarpus longan) COSQK4
0.0; T(17): 100.0
-3- b b b | T(9): 0.0; T(10): 0.0;
ggfnegﬁfﬁ:‘sy‘i’ga? phosphate dehydrogenase | £\ /e G| MTTVHSLTAT*QK 88557&5 COLDXL',  D7UBGE’, | g13) 0.0, T(15):  |2113.04 |217 |59 |4.91 |0
P 0.0; T(17): 100.0
3. T(10): 0.8; S(13):
Glyceraldehyde-3-phosphate dehydrogenase, | £\ /EGL MATVHSHTATQK BOV155° 98.4; T(15): 0.8; 2083.04 | 107 338 |0
Fragment (Antirrhinum majus) .
T(17): 0.0
5-methyltetrahydropteroyltriglutamate- Y(1): 0.0: Y(10): 0.0;

11 | homocysteine methyltransferase (Arabidopsis YGAGIGPGVYDIHS*PR 050008°, Q42699°, Q2QLY5" S(14)' 100 0 T 11738.80 | 198 |58 3.74 |0
thaliana) ) )
5-methyltetrahydropteroyltriglutamate- S(7): 7.8, T(14):
homocysteine methyltransferase (Quercus M”ARGNASVPAM”EMT*K BOMOH3" wo : 1705.71 | 20 355 |1
mongolica subsp. Crispula) )

i * b. b S(5): 0.0; T(8): 95.2;

12 | Adenosylhomocysteinase (Zea mays) LVGVSEET*TTGVKR Q8W530%; QISP98 T(9): 4.5; T(10): 0.2 1555.77 | 121 | 56 1
Adenosylhomocysteinase (Nicotiana sylvestris) VKDMS*QADFGR NT_TC120215_1* NT_TC79998 1% | S(5): 100.0 1333.56 161 |47 1
Adenosylhomocysteinase (Nicotiana sylvestris) | VKDM*S*QADFGR NT_TC120215_1* NT_TC79998 1% | S(5): 100.0 1349.56 | 227 |45 292 |1

13 | Heat shock protein 90 (Nicotiana tabacum) EGLKLDES*EDEK NT_TC98434_1° NT_TC93842_1% | S(8): 100.0 1471.62 |125 |31 283 |1

14
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60S ribosomal protein L12-2 (Physcomitrella

15 IGPLGLS*PK A9RZZ0", B6TIWY", Q9ZSL1° S(7): 100.0 961.51 |158 |57
patens subsp. Patens)
60S nb_osomal proteln' L24-1 (Populus SHVGATLEVIQK BINJD1 S(1): 100.0; T(6): 1337.71 | 200 | 71
balsamifera subsp. Trichocarpa) 0.0
60S nb_osomal proteln' L24-1 (Populus SHVGATLEVIQKK BINJID1 S(1): 100.0; T(6): 146580 | 124 |50
balsamifera subsp. Trichocarpa) 0.0
60S ribosomal protein L8 (Solanum FRS*LDFGER NT_TC101390_1° S(3): 100.0 1206.53 | 171 |54
lycopersicum)
60S ribosomal protein L19 (Capsicum annuum) I(‘?AGQSCE}EGERPVQPAAP AAAPAQPA NT_TC78366_1°% S(27): 100.0 2716.36 | 78 37 4.58
60S ribosomal protein L19 (Capsicum annuum) | EKTLS*DQFEAR m—%gggii—% N'T\'TT—ggg:fg 11—3‘1 L()?(,)):Oo.o; S(5): 1403.62 | 167 |54
60 ribosomal protein L19 (Capsicum annuum) | TLS*DQFEAR m—%gggii—% N'T\'TT—ggg:fg 11—3‘1 T(1): 0.1; S(3): 99.9 |1146.48 | 118 |34
) . ) LAQGPGERPAQPAAPAASAQTAQG a S(18): 1.4; T(21):
60S ribosomal protein L19 (Capsicum annuum) GS*KK NT_TC80876_1 10.5: S(26): 88.1 2725.34 | 82 34 4.01
60s acidic ribosomal protein-like protein LASVPC"GGGGGGVAVAAPAGGAA a S(3): 0.0; S(27):
(Solanum tuberosum) AAAS*AAEEKK NT_TC91479_1 100.0 2860.37 | 77 318
o . . S(1): 25.0; S(4):
16 Nascer_]t polypeptlde assguate_d complex subunit | SDVSPSTAAAEADEEEEVDETGVEP NT_TC77572_1“ 25.0: S(6): 25.0; 2799.14 | 82 39 344
alpha-like protein 2 (Arabidopsis thaliana) R T(7): 25.0: T(21): 0.0
: . . S(1): 25.0; S(4):
Nascent polypeptide-associated complex subunit | SDVSPSTAAAEADEEEEEVDETGVE NT TC79086 1° 25.0; S(6): 25.0: 2928.18 | 94 3.38
alpha-like protein 2 (Arabidopsis thaliana) PR - - T(7')" o5 O'. T(ézj' 0.0 ’ ’
. . . . S(5): 90.3; S(9): 8.1;
Alpha chain of nascent polypeptide associated APNLS*NVISKPEPSTVAQDDEDVDE NT_TC80057_1° NT_TC92601 1* |S(14): 0.8; T(15): 336054 | 105 |50 4.33
complex (Nicotiana tabacum) TGVEPK - - - — 0.8: T.(2(.5)" 0.0 ’ ' ’
17 Eukaryot_lc translation initiation factor 2 beta VVIQDPADDS*VDSLAEK Q2v9B2° S(10): 100.0; S(13): 1880.86 | 220 |67 359
subunit-like (Solanum tuberosum) 0.0
T(1): 0.0; S(5):
Eukaryotic translation initiation factor 2 beta " b 100.0; S(7): 0.0;
subunit-like (Solanum tuberosum) TENLS™VSEGLEATFSGK Q2voB2 T(13) 0.0; S(15): | 184883 | 200 |85 1416
0.0
S(5): 0.0; S(7): 0.0;
Eukaryotic translation initiation factor 2 family a S(8): 0.0; T(19): 2.1;
protein (Arabidopsis thaliana) IGDNSFSSALLDEEEEADTSVSK NT_DV158562_1 S(20): 48.9; S(22): 2523.07 | 72 39 4.08
48.9
Eukaryonc trgnslat!on initiation factor 2 family ETVEEGAVES*AAAK NT TC85822 1° T(2): 0.0; S(10): 147064 | 182 |63 3.48
protein (Arabidopsis thaliana) 100.0
Eu_kar_yotlc translation initiation factor 3 subunit B LRDGEAS*DEEEEYEAK P56821° S(7): 100.0; Y(13): 194977 | 206 | 62 384
(Nicotiana tabacum) 0.0
Eukaryotic translation initiation factor 4g, putative AEPDDWEDAADIST*PK F6GVD5’ S(13): 0.0; T(14): 1839.73 | 274 |103

(Vitis vinifera)

100.0
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Translation initiation factor elF4E (Nicotiana VDEVEKPAS*LEESK D3UW24° S(9): 100.0; S(13): 1639.75 | 126 |50
tabacum) 0.0
L L S(9): 0.0; S(13): 4.4;
Translation initiation factor elF4E (Nicotiana VDEVEKPVSLEESKNT*R NT_DV158475_1° T(16): 91.2: T(17): | 2140.02 |51 |34
tabacum) an
Eg'l‘lz'g’;’)“c initiation factor 48 (Arabidopsis S*EGPAALQGGVM*EVKPKPK NT_FG166442_1° S(1): 100.0 2019.00 | 87 2.83
Eu_kar_yotlc translation initiation factor 3 subunit 8 LAELT*EGEGEAESIEENK NT_TC79735_1° T(5): 100.0; S(13): 2027.87 | 206 | 77
(Nicotina tabacum) 0.0
Ei'l‘lzg’g'c initiation factor 48 (Arabidopsis S*PWGNIGAWAAEAER NT TC95936_1° S(1): 100.0 1694.73 [189 |79 |4.50
18 | Pollen tube RhoGDI2 (Nicotiana tabacum) T+PIADSDSEIEHEPVGEK Q12ZN8 g%_):sl(g;)_% 05(6): 2032.88 | 165 |70
T(3): 5.0; T(5): 94.7;
Pollen tube RhoGDI2 (Nicotiana tabacum) GGTKT*PIADSDSEIEHEPVGEK NT_TC77816_1° S(10): 0.3; S(12): 2376.06 [112 |35 3.54
0.0
* . . .
Pollen tube RhoGDI2 (Nicotiana tabacum) (RBIIVGDSDPEIENENVGNNNDNRVS NT_TC93883_1°% %B)'OO'O’ S(25): 2906.29 |84 35
19 RabGAP/TBC domain-containing protein-like SLGS*ASGGEFPVER NT TC84637_1° S(1): 0.2; S(4): 99.5; 147264 | 99 39

(Solanum tuberosum)

S(6): 0.2
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5 Discussion

5.1 MOAC and its specificity for phosphoprotein enricrent

This diploma thesis presents a list of phosphopratandidates that likely
play a role in the switch from quiescent maturelgrolto the 30-minute activated
pollen. To acquire these data, a combination ofsphoprotein enrichment using
MOAC with aluminium hydroxide matrix, and phosphppde enrichment applying
TiO,-MOAC was performed.

The specificity of MOAC phosphoprotein enrichmemplying aluminium
hydroxide matrix was demonstrated by six indirectences.

(1) The SDS-PAGE of the MOAC fractions stained wRhoQ Diamond
Phosphoprotein Gel Stain showed a remarkably higigeral in the phosphoprotein-
enriched eluate compared to the flow-through amkeshatant after the first wash.
This shows that the majority of phosphoproteins waptured by the aluminium
hydroxide particles, and subsequently appearediereiuate.

(2) CBB G250 staining of the same gel revealedfarént protein pattern of
the enriched eluate compared to the original cexdeact. Again, this indicates the
enrichment to be at least partly specific.

(3) When looking on 2D-GE protein spectra of thegghoprotein-enriched
eluates, it was obvious that some of the identipeateins were detected in two or
multiple spots of the same molecular weight but different pl. Such two
neighbouring spots represented very likely the semierm of a protein, differing in
the degree of phosphorylation. Protein phosphaoylatauses a shift to more acidic
pl whereas molecular weight remains virtually umaged.

(4) The newly-phosphorylated proteins durimgvitro phosphorylation had
mostly the molecular weight of 35-70 kDa. This margactically overlapped with
the proteins identified after phosphoprotein enmeht.

(5) The functional categories, which were over-espnted in the presented
data set, were very likely involved in the pollea-hydration and activation
processes. Furthermore, their regulation via phogjbétion is very suggestive.

(6) Fifty-two particular phosphorylation sites ieveral of the identified
phosphoprotein candidates were experimentally asdigy MS.
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However, it remained a speculation how many falesitives could have
appeared on the list of phosphoprotein candiddttes.possible that metal-binding
proteins were caught via their domain(s) with ahhigetal-affinity. Amongst the
presented candidates, calreticulin could be boynthé calcium-binding site (Hruba
et al., 2005), actin by its magnesium/calcium-higdsite (Selden et al., 1987), and
alcohol dehydrogenase by its zinc-binding site (hpson et al., 2007).

5.2 Detected phosphorylation sites

Collectively, the unambiguous position of 52 phasplation sites was
experimentally assigned by MS following phosphojkpt (51 sites), and
phosphoprotein (1 site) enrichment. The most fratjyghosphorylated amino acid
was serine (35 sites), followed by threonine (NQ.site was identified on tyrosine.
Such ratio is in accordance with the published dedan Arabidopsis thaliana
(Benschop et al., 2007; Sugiyama et al., 2008; Bantem et al., 2008; Mayank et
al., 2012). However, the data presented in thibodip thesis represent only a limited
set of 52 phosphorylation sites so they could besmoo less biased.

Although additional phosphopeptides were identifiedfter TiQ
phosphopeptide enrichment, only the peptides tloafitned the position of a
phosphorylation site in any of the phosphoproteandidates identified after

phosphoprotein enrichment were presented in tipi®ha thesis.

5.3 Un-detectable phosphorylation sites

Although 52 phosphorylation sites present in 18upeoof proteins were
unambiguously assigned, the position of the phosgditon site(s) was not
successfully determined in all phosphoprotein cdendis identified after the
phosphoprotein enrichment. This could be causetifeg reasons.

(1) Only peptides that are ionisable and thus dabde during MS contribute
to protein identification. If the peptides produckey the enzymatic digest are too
short or too long, they are not accessible by M#d phosphorylation site occurred
on such undetectable peptide, it could not be ifledt Trypsin is a specific protease
that cleaves the polypeptide chain behind lysinargmine (if either is not followed
by proline) but there are also alternative spegifisteases with different specificities
so the peptides inaccessible by trypsin can bectiddie if an alternative specific

protease was applied instead (Gauci et al., 200@thermore, the digestion by a
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pair of alternative specific proteases can be peréd sequentially (Gilmore et al.,
2012). If a single protein was to be mapped, evenlaw-specificity proteases can
be applied (Schlosser et al., 2005).

(2) A single peptide could carry one or more phasplation sites. The
multiply-phosphorylated peptides are harder to drised and/or fragmented by
MS/MS, and consequently their identification is sma@hallenging. Moreover, TiO
phosphopeptide enrichment was repeatedly showe teds efficient in catching the
multiply-phosphorylated peptides compared to IMABodenmiller et al., 2007;
Aryal and Ross, 2010). If a particular protein eoméd two proximal
phosphorylation sites, it could result in a phog@pmide with multiple
phosphorylation sites, identification of which wdude more challenging.

(3) The last reason is that every phosphoproteonathod biases towards a
different group of phosphopeptides (Bodenmilleakt 2007). Therefore, even the
rarely-used phosphoproteomic methods can show thgiortance although they
could be considered less selective and/or sendgitia the more efficient and/or
more frequently-used ones. They are worth apphsmge they will very likely
reveal a different subset of phosphopeptides. Euribre, it is usually worth
employing both phosphoprotein- and phosphopeptieteing methods since their

advantages and disadvantages are practically comeplary.

5.4 Biological role of the phosphorylated candidates

As mentioned above, a majority of the identifiedgphoprotein candidates is

likely to play an important role during pollen aetiion. Their possible function will

disease/defence

signal, 1% unclassified
transduction

6 %

metabolism
14 %

cell structure
12 %

protein
destination and energy
storage protein synthesis 33 %
19 % 9 %

Figure 5.1 — The pie chart showing the percentage of the individual protein categories to

which the identified phosphoprotein candidates were assigned.
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now be discussed in more detail. However, thisiaeahould not comprehensively
discuss the role of all identified phosphoproteandidates but rather should
highlight the function of several of the most ie&ing ones.

The 139 identified phosphoprotein candidates feth icategories that show a
broad range of biological functions (Fig. 5.1). Bliper cent of the candidates are
involved in protein synthesis, comprising for imsta 60S acidic ribosomal protein-
like protein, a variety of translation initiatiomé elongation factors, a ripening-
regulated protein homologue andsubunit of a nascent polypeptide-associated
complex. Eukaryotic initiation factor 4A isoform 1@IF4A-13) was of a higher
abundance in mature pollen compared to the activaellen. We can only
hypothesise that its inhibitory phosphorylation wagortant in mature pollen, and
was reduced in the activated pollen where actiamestation is of vital importance. In
tobacco, there are more than ten isoforms of tiotiafactor 4A (Owttrim et al.,
1994) with the elF4A-8 specifically expressed inlengametophyte (Brander and
Kuhlemeier, 1995). This pollen-specific isoform walsosphorylated upon pollen
rehydration (op den Camp and Kuhlemeier, 1998). Bm¢agonistic level of
phosphorylation between more protein isoforms danm the need for acquiring
the experimental data for each isoform separatabeshe data extrapolation from a
distinct isoform is not sufficient.

Protein destination and storage represented a gwocghere 19 %
phosphoprotein candidates were involved. Chaperplagsan important role during
protein folding — i.e. acquiring the proper teniatructure, which is very important
for protein function. The importance of chaperomesnostly obvious under stress
conditions and/or during intense translation, athéscase of activated pollen grain.
Since mature pollen is a quiescent structure, likély that the chaperones are ready
but inactive, and that their activity after the whito the rapidly-growing pollen tube
is regulated via phosphorylation or dephosphormytatas was demonstrated in rat
liver (Cvoro et al., 1999). The proper protein faglin the endoplasmic reticulum is
checked by luminal-binding protein, endoplasmin aatteticulin. The last one also
sequestrated calcium ions in endoplasmic reticulumng pollen tube growth
(Hruba et al., 2005), and was shown to be phospditery by CK2 kinase (Baldan et
al., 1996). Leucine aminopeptidases cleave theit@tramino acids (mostly but not
exclusively leucine) from their target protein (Mait et al., 2006). In plants, they

play an important role during wound responses aherovarious stresses, beside
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other functions (Waditee-Sirisattha et al., 20I)e pollen maturation resembling
drought stress quite likely requires the activityemcine aminopeptidases as well as
their phosphorylation regulation.

About one third of the identified phosphoproteimdialates was related to
energy production. The phosphorylation regulatiénthe energy-related proteins
upon pollen rehydration is very probable sinceabivated pollen has very different
energetic demands compared to the quiescent madlien. It is a well established
fact that metabolic processes are controlled, astootper mechanisms, via protein
phosphorylation. Several glycolytic enzymes, pytavedehydrogenase, and citric
acid cycle enzymes are few examples of the proteigalated by phosphorylation
(Garnak and Reeves, 1979; Plaxton, 1996; Koloboa.£2001). The antagonistic
energy demands of mature pollen and 30-minute atetilvpollen will probably be
also reflected in the ATP requirements of the respe stages. It is likely that,F;
ATPase will be regulated via phosphorylation. Thst lexample of energy-related
protein to be mentioned is alcohol dehydrogenasegether with pyruvate
decarboxylase it is responsible for pyruvate feragon. The presence of these
enzymes during tobacco pollen development was tegoby Tadege and
Kuhlemeier (1997), and their regulatory phosphdrgtawas strongly suggestive.

The non-energy metabolic processes were represerigd 14 %
phosphoprotein candidates. The phosphorylatiors sitere identified in several of
them, for instance 5-methyltetrahydropteroyltrigimte—homocysteine S
methyltransferase, adenosylhomocysteinase, andeaside diphosphate kinase.
Inorganic nitrogen is incorporated into organic emnlles by glutamine synthetase,
phosphorylation of which was reported Medicago truncatulawhere it increased
affinity to the 14-3-3 protein (Lima et al., 200&lutamine synthetase in complex
with the 14-3-3 protein is directed to proteolytieavage. The higher concentration
of 14-3-3 protein was detected in mature pollen leds to speculation that a higher
activity of glutamine synthetase will be expectadhe activated pollen whereas its
majority should be degraded in mature pollen. H@vesuch conclusion cannot be
solid since 14-3-3 proteins were reported to irtewith several of the identified
phosphoprotein candidates, for instance V-type &fAMPase (Svennelid et al.,
1999), and glyceraldehyde-3-phosphate dehydrogdBastos and Iglesias, 2003).

Regulatory proteins are highly important for switchbetween the quiescent

mature pollen and the rapidly-growing pollen tubBloreover, regulatory
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mechanisms are necessary for pollen tube guidenewo. The signalling role was
assigned to 6 % phosphoprotein candidates. Ik&ylithat many of the signalling-
related proteins remained unidentified possiblyabse they tend to be of lower
abundance (e.g. Eidelman et al., 2010). The dimois of the above-mentioned
regulatory 14-3-3 proteins is regulated via phosglation (Shen et al., 2003). The
Rab GTPases play a crucial role during endocytogsjcular trafficking, and
exocytosis — all these processes are of a vitaloitapce during pollen tube
elongation (Cheung et al., 2002; de Graaf et 8052 Rab GTPases bind GTP in the
active membrane whilst Rab associated with a GDfares in its inactive form in
cytosol. Rab and other groups of small GTPases rdimeavith guanine-nucleotide
dissociation inhibitors (GDI). These proteins holee GTPases in cytoplasm and
prevent the GTP/GDP exchange. RhoGDI, phosphooylasite of which was
presented in this diploma thesis, was previoughpred to play an important role in
pollen tube growth (Klahre et al., 2006).

Cell structure category contains proteins that @ads of cytoskeleton and
that take part in cell wall formation. These prasssvital for pollen tube growth are
connected with 12 % phosphoprotein candidates. SRgteton is composed of
microtubules and microfilaments, and its dynamissregulated by a variety of
microtubule-associated and actin-binding proteifsaudaskoski et al., 2001).
However, phosphorylation of actin monomers thenmeselvas also demonstrated — it
caused bending of leaves in ticklish pladirhosa pudicaKameyama et al., 2000).
A similar regulatory role of tubulin phosphorylatiass suggestive. A rapid cell wall
formation starts after the pollen activation, thine enzymes catalysing this process
are very likely inhibited inside mature pollen. Dehll synthesis is connected with
carbohydrate metabolism, so many phosphoproteimidates of this nature are
listed to the metabolic category. A reversibly giyglated protein (alternatively
named als@-1,4-glucan-protein synthase) is required for patgharide anabolism,
and its important role during male gametophyte bgraent was documented in
Arabidopsis thaliangDrakakaki et al., 2006).

Amongst 2 % transport proteins were listed foranse V-H-ATPase and
ADP/ATP mitochondrial carrier. Mitochondial ATP dimase could have been also
included in this category but because of its pilegifunction, it was placed among
proteins playing role during energy metabolism.yOohe percent of the identified

phosphoprotein candidates was listed into diseafside category, for example
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monodehydroascorbate reductase. The last 4 % psabelonged to the unclassified
category, which was not surprising due to the fewt a majority of male
gametophyte-specific proteins are not known andadob genome is not fully

available in the public sequence databases.

5.5 On-going experiments

The list of the presented phosphoprotein candidditsot reveal the exact
function of the proteins. It is rather a startirgm for choosing the most interesting
proteins for further analyses.

Most likely, the functional analysis of several ppboprotein candidates will
be the aim of my doctoral thesis. The localizatwdrihe selected candidates will be
determined by a GFP-fused protein expressed irsigatly transformed pollen.
Subsequently, the protein will be over-expressed arknock-down using small
RNAs will be created.

In parallel, antibodies raised against the selectedlidates will be produced.
Firstly, they will be used for revealing a diffeteset of isoforms, which will be
displayed on a 2D IEF-PAGE during distinct stagesale gametophyte. Secondly,
the immuno-purified proteins will be MS-analysed darpossibly further
phosphorylation sites will be identified. Thirdifhe protein partners of the selected
candidates will be co-immunoprecipitated with tredested proteins. The pulled-
down partners will be verified by a yeast two-hgosystem.
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6 Conclusion

The first objective of this diploma thesis was theidentification of
phosphoprotein candidates present in mature pollerand 30-minute activated
pollen. The applied phosphoprotein-enriching AI(QHJOAC led to the
identification of a set of 139 phosphoprotein cdatis present in the above stages
of male gametophyte development. The MOAC feagybitiogether with its
specificity was proven by a series of our resultsa-strong ProQ signal of
phosphoprotein-enriched fraction on 1D SDS-PAGHifi@rent CBB G250 pattern
of the enriched fraction compared to the crudeaextprior to any enrichment, the
string of spots of the same molecular weight bdiff@rent pl expressed on 2D-GE,
and a similar molecular weight of the enriched endtro labelled proteins.

The second objective of this diploma thesis was tshow exact
phosphorylation site(s) of at least some phosphopen candidates. TiO-
enrichment resulted in the unambiguous identifarabf 51 phosphorylation sites in
17 protein groups, so 52 phosphorylation sites8rpfotein groups were identified
together with the only phosphorylation site ideatf after phosphoprotein
enrichment. However, the phosphorylation site(sjhef remaining candidates were
not shown. This does not necessarily mean thatwesg not phosphorylated — their
phosphorylation site(s) may not have been achieviaplthe techniques used, and a
set of alternative phosphoproteomic techniques vbalve been necessary to apply.

Collectively, the majority of candidates (even tmes without phosphorylation
site presented) are likely to be connected withntieabolic switch from quiescent
mature pollen to the rapidly-growing pollen tubdnefe is a number of interesting
phosphoprotein candidates connected with translatiegulation (a ripening
regulated protein homologue;subunit of nascent-polypeptide-associated complex,
and various translation initiation and translatielongation factors), function of

which is likely to be characterised by the on-gogxgeriments.
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7 Publications and conferences

Impacted publications

Fila J, Matros A, Radau S, Zahedi REypkova V, Mock HP, Honys D (2012):
Revealing phosphoproteins playing role in tobacotiep activatedin vitro.
Proteomicsin revision

Fila J, Honys D (2011): Enrichment techniques engioin phosphoproteomics.
Amino Acids,on-line first doi: 10.1007/s00726-011-1111-z.

Fila J, Capkovéa V, Fecikova J, Honys D (2011): Impact of bgenization and
protein extraction conditions on the obtained t@ogaollen proteomic patterns.
Biologia Plantarum 55: 499-506.

Unimpacted publications

BaldZz V, BalaZzova A, Fila J, Kdl&, Mikadt M (2012): Laska, sex asdmosti.in
press

Fila J, Panek T, Sekere$ J (2011): Tvary v Ziog. 153 pp. [ISBN 978-80-213-
2191-5]

Conferences

The results were presented at 8 international & pmesentations and 4 posters) and

2 Czech conferences (2 oral presentations).
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9 Supplementary tables (on a CD)

Table S1- Identified phosphoprotein candidates from theisedt 2D-GE spots

analysed as described in “Materials and methodsh wdditional data (identified

peptides, their m/z and ladder scores). Proteiasvilere identified from at least two
gels according to at least two peptides are mankddtwo asterisks behind the spot
number, whereas proteins that were identified amlge according to at least two
peptides are marked with one asterisk. Supersdrgdtind accession number
indicates database: a) Swissprot; b) Trekilbiplantae c) TIGR ESTSolanaceae

The superscripted S behind the MP/PT ratio meagigraficant change between the
two stages as calculated by the PDQuest softwante: ($pot 4 was not recognised
as a spot by the PDQuest software, but manualligrees. Norm. spot volume —

normalised spot volume.

Table S2—- Complete set of identified phosphoprotein caatig by the non-gel
approach analysed as described in “Materials anthads” section with additional
data (identified peptides, their mass, charge,escand individual quantity data).
Number of peptides indicates the total number giftides, according to which the
protein was identified. The number in the brackeigresents number of unique
peptides that contribute to protein identificatithe peptides common for more
proteins were excluded). The data regarding didgnpsptides are shown in black

whereas the conflicting ones are displayed in gray.

Table S3 — List of phosphorylation sites identified aftenet TiO,-MOAC
phosphopeptide enrichment from mature pollen widiteonal information. The
proteins are grouped according to their namesopinescases listing together several
isoforms of the same protein since they are harletalistinguished between each
other due to tobacco being not completely sequentled phosphorylation site is
pinpointed in bold and the given phosphorylated rmacid is followed by an
asterisk. The peptides with ambiguous positiontaigphorylation site are shown in
gray. The superscripted number behind the accessiorber indicates database: a)

UniProt, 90% homology clustergjridiplantae,b) TIGR ESTNicotiana tabacum
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