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Phosphoproteomics Profiling of Tobacco
Mature Pollen and Pollen Activated in vitro*s
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Tobacco mature pollen has extremely desiccated cyto-
plasm, and is metabolically quiescent. Upon re-hydration
it becomes metabolically active and that results in later
emergence of rapidly growing pollen tube. These changes
in cytoplasm hydration and metabolic activity are ac-
companied by protein phosphorylation. In this study, we
subjected mature pollen, 5-min-activated pollen, and 30-
min-activated pollen to TCA/acetone protein extraction,
trypsin digestion and phosphopeptide enrichment by tita-
nium dioxide. The enriched fraction was subjected to
nLC-MS/MS. We identified 471 phosphopeptides that car-
ried 432 phosphorylation sites, position of which was ex-
actly matched by mass spectrometry. These 471 phos-
phopeptides were assigned to 301 phosphoproteins,
because some proteins carried more phosphorylation
sites. Of the 13 functional groups, the majority of proteins
were put into these categories: transcription, protein syn-
thesis, protein destination and storage, and signal trans-
duction. Many proteins were of unknown function, reflect-
ing the fact that male gametophyte contains many
specific proteins that have not been fully functionally an-
notated. The quantitative data highlighted the dynamics of
protein phosphorylation during pollen activation; the iden-
tified phosphopeptides were divided into seven groups
based on the regulatory trends. The major group com-
prised mature pollen-specific phosphopeptides that were
dephosphorylated during pollen activation. Several phos-
phopeptides representing the same phosphoprotein had
different regulation, which pinpointed the complexity of
protein phosphorylation and its clear functional context.
Collectively, we showed the first phosphoproteomics data
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Tobacco mature pollen represents an extremely resistant
structure filled with a desiccated cytoplasm that is surrounded
by an extremely tough cell wall. This metabolically quiescent
stage of male gametophyte has to reach stigma tissue in a
viable state. After pollination, the rehydration and metabolic
activation of a pollen grain starts. The pollen activation is
represented by a time period when there is no pollen tube
growth, and only metabolic processes within the original vol-
ume of cytoplasm occur together with cytoplasm hydration
(1). Within this period, the pollen aperture later used for pollen
tube outgrowth is selected. After that, a rapid pollen tube tip
growth starts in order to deliver the genetic information car-
ried by two sperm cells to the ovaries. Desiccated mature
pollen of many angiosperm species can be also rehydrated
and activated in vitro (2). Here we aim to elucidate the regu-
lation processes of pollen grain re-hydration and activation
mediated by protein phosphorylation.

Protein phosphorylation, representing one of the most
frequent regulatory mechanisms, was shown to control a
number of cellular processes, such as signal transduction,
regulation of transcription and translation, regulation of cyto-
skeleton dynamics, cell cycle regulation, metabolism regula-
tion, regulation of protein stability, and protein targeting (3-5).
Similar to pollen activation, the rehydration of African xero-
phyte Craterostigma plantagineum was accompanied by
changes in protein phosphorylation (6). Attachment of a phos-
phate group to the polypeptide chain shifts the pl of a protein
to more acidic range (7). Such pl shift usually causes changes
of protein conformation within a single domain (8) or even
influences domain-domain interactions (9). In case of en-
zymes, phosphorylation sometimes inhibits activity by occu-
pying the active site of the protein, as was documented for
instance for isocitrate dehydrogenase (10).

In order to be able to identify phosphorylated proteins, it is
inevitable to apply some of the various enrichment protocols
(11, 12) because of several reasons: () Phosphoproteins are
mostly low abundant so they are overwhelmed by the excess

1338

Molecular & Cellular Proteomics 15.4


http://crossmark.crossref.org/dialog/?doi=10.1074/mcp.M115.051672&domain=pdf&date_stamp=2016-1-20

Tobacco Male Gametophyte Phosphoproteome

of nonphosphorylated proteins. (i) A given protein is ex-
pressed in many copies and contains many potential phos-
phorylation sites (Ser/Thr/Tyr residues), but individual phos-
phorylation sites are usually only partly phosphorylated— i.e.
only a small share of the present protein molecules will be
phosphorylated at a given position whereas the majority will
be nonphosphorylated. (iii) The identification of phosphopep-
tides by mass spectrometry is still challenging from the tech-
nical point of view. The enrichment can be performed at two
levels. The first possibility is to fish the intact phosphoproteins
out of a protein mixture whereas the second approach relies
on the enrichment of phosphorylated peptides of the pro-
tease-digested protein sample. A plethora of protocols are
meanwhile available for both approaches, whereas for both
advantages as well as disadvantages have been reported (11).
In order to broaden the phosphoproteome coverage, a tan-
dem procedure applying first the former approach and then
after protease cleavage also the latter one was suggested (13,
14).

The first angiosperm pollen phosphoproteome published
was that of Arabidopsis thaliana (15), which completed the
pollen proteomic data because before that, three Arabidopsis
pollen proteomic data sets achieved by the conventional in-
gel approach (16-18) and one high-throughput proteomic
study (19) were published. Mayank and colleagues identified
many phosphopeptides, notable number of which played their
roles in regulation of metabolism and protein function, metab-
olism, protein fate, binding other proteins, signal transduction,
and cellular transport. Many kinases were identified in the
data set, showing that these were indeed subject to phos-
phorylation, for instance AGC protein kinases, calcium-de-
pendent protein kinases, and sucrose non-fermenting 1-related
protein kinases (15).

The tobacco pollen proteome was studied directly by a
high-throughput approach but appeared only recently (20). In
this study, Ischebeck and colleagues compared the proteome
of eight male gametophyte stages ranging from diploid mi-
crosporocytes to pollen tubes. Interestingly, the first tobacco
pollen phosphoproteomic paper appeared earlier than the
whole proteome was published (21). In order to identify phos-
phoproteins in tobacco mature pollen and pollen activated in
vitro for 30 min, metal oxide/hydroxide affinity chromatogra-
phy phosphoprotein enrichment employing an aluminum hy-
droxide matrix (Al(OH);) was carried out (22). This approach
led to the identification of only one phosphorylation site, so
that additionally titanium dioxide (TiO,)' enrichment was ap-

" The abbreviations used are: page: TiO,, titanium dioxide; Al(OH)s,
aluminium hydroxide; bZIP, basic leucine zipper; CAMK2, Ca?*/cal-
modulin-dependent protein kinase; CDK, cyclin-dependent protein
kinase; CDPK—SnRK, Ca?*-dependent protein kinase-sucrose-non-
fermenting-related kinase; CK2, casein kinase 2; Cys, cysteine;
DCN1, defective in cullin neddylation protein 1; DHB, 2,5-dihy-
droxybenzoic acid; EPP, EDTA/puromycine-resistant particle; GO,
gene ontology; IMAC, immobilized metal affinity chromatography;

plied, identifying 51 more phosphorylation sites in the already-
identified proteins from mature pollen. Among those proteins
were for instance various translation initiation and elongation
factors, metabolic proteins (for instance fructose bisphos-
phate-aldolase, glyceraldehyde-3-phosphate dehydrogenase,
and alcohol dehydrogenase), Rho guanine nucleotide disso-
ciation inhibitor, and several ribosomal proteins. However, not
many signaling proteins were identified in this study. The third
male gametophyte phosphoproteome revealed to date was
that of a gymnosperm Picea wilsonii. However, the proteome
of this species was studied from the perspective of deficient
growth media, and several phosphoproteins linked to Ca®*
and sucrose deficiency were identified (23).

The present study is a continuation of our male gameto-
phyte phosphoproteomic studies. Herein, we employed phos-
phopeptide enrichment by metal oxide/hydroxide affinity
chromatography with TiO, matrix (24) on three stages of male
gametophyte, this time including two stages of activated pol-
len (5 min and 30 min) as well as mature pollen. Collectively,
471 phosphopeptides carrying 432 phosphorylation sites
(phosphoRS probabilities >90%) have been identified in the
three stages of male gametophyte. These phosphorylation
sites belonged to 301 phosphoproteins that were classified
into 13 functional categories; with transcription, protein syn-
thesis, destination and storage, as well as signal transduction
being the dominant functional groups. A phosphorylation mo-
tif search revealed 5 motifs with a central phosphoserine and
one motif with a central phosphothreonine. Quantitative data
led to the discovery of regulated phosphopeptides, which
were grouped into seven categories based on their regulatory
trends throughout the studied developmental stages.

EXPERIMENTAL PROCEDURES

Plant Material and Pollen Activation In Vitro—Tobacco plants (Nico-
tiana tabacum cv. Samsun) were grown in a greenhouse from April to
September. Flower buds shortly before anthesis were collected be-
tween June and September. Anthers were removed from the buds
and let dehisce at room temperature on a filtration paper overnight.
Then, mature pollen was sieved by a stocking and stored at —20 °C
(25) until it was further used. The collected pollen represented bulk
samples originating from three groups of 15 plants that were grown in
separate parts of the greenhouse. These bulk samples were further
referred to as the three biological replicates.

Mature pollen was activated in vitro as a shaken suspension for 5
min, and 30 min, respectively, each stage in three biological replicates

LEA, late embryogenesis abundant; MAPK, mitogen-activated protein
kinase; Met, methionine; MS/MS, tandem mass spectrometry; nLC,
nano liquid chromatography; PB1, octicosapeptide/PHOX/BEM1p;
PPI1, peptidyl-prolyl cis-trans isomerase 1; Rho GAP, Rho GTPase
activation protein; Rho GDI2, Rho guanine nucleotide dissociation
inhibitor 2; RNF4, RING FINGER PROTEIN 4; Ser, serine; SIMAC,
sequential elution from IMAC; SMM-MES, sucrose-mineral medium
buffered with MES; SNC1, SUPRESSOR OF NPR1-1, CONSTITU-
TIVE 1; Thr, threonine; Tyr, tyrosine; UBA, ubiquitin-associated; UBX,
ubiquitin-like; UNC-89, UNCOORDINATED-89; WVD2, WAVE-
DAMPENED 2.
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Fic. 1. A schematic workflow of the performed experiments. The
three stages of tobacco male gametophyte (particularly mature pollen,
pollen activated in vitro for 5 min and pollen activated in vitro for 30 min)
were subjected to TCA/acetone protein extraction, trypsin digest and
phosphopeptide enrichment by TiO,. The obtained phosphopeptide-
enriched eluate was fractionated by nLC and measured by MS/MS.
The present phosphopeptides were identified (if possible with the
unambiguous position of the phosphosite) and the results further
analyzed.

| raw data matrix

data analysis
and comparison

as mentioned above, at 27 °C in sucrose-mineral medium buffered
with MES (SMM-MES; 175 mm sucrose, 1.6 mm boric acid, 3 mm
Ca(NO;),*4H,0, 0.8 mm MgSO,-H,O, 1 mm KNO3, 25 mm MES, pH
5.9) (26). The activated pollen was then harvested by filtration on a
vacuum pump-driven apparatus, and immediately frozen in liquid
nitrogen. The three stages differ from each other as follows: mature
pollen represents an oval-shaped structure with a desiccated cyto-
plasm. Upon re-hydration, 5-min activated pollen becomes round-
shaped with a hydrated cytoplasm. Furthermore, one pollen aperture
is usually chosen for pollen tube outgrowth after 30-min imbibition
(see supplemental Fig. S1).

Protein Extraction and Phosphopeptide Enrichment—The total pro-
teins were extracted from all the above stages by TCA/acetone pre-
cipitation (27) with slight modifications (21) in three biological repli-
cates as mentioned above (see Fig. 1 for workflow overview). In detail,
mature or activated pollen was homogenized by a pestle in a mortar.
The acquired fine powder was resuspended in 10 volumes of 10%
w/v TCA in acetone supplemented with 1% w/v DTT. After 5 min
sonication in an ultrasonic bath, the samples were briefly frozen in
liquid nitrogen, incubated at —20 °C for 45 min, and centrifuged
(23,000 X g, 15 min, 4 °C). After the removal of the supernatant, the
samples were washed by 1.5 ml acetone with 1% w/v DTT, sonicated
for 5 min, briefly frozen in liquid nitrogen, and kept at —20 °C for 30
min. After the centrifugation under the above conditions, the washing
step was repeated. Finally, the pellet was dried and stored at —20 °C.

The total protein extracts from all stages were resuspended in 0.2
M guanidinium chloride and 50 mm ammonium bicarbonate supple-
mented with PhosStop phosphatase inhibitor mixture (Roche, Penz-
berg, Germany), carbamidomethylated as described elsewhere (28)

and subsequently trypsin-digested (trypsin-to-protein ratio 1:50;
37 °C, 12 h).

There were three biological replicates for each studied stage. For
each of the ftriplicates, 500 ng peptides were dissolved in loading
buffer (80% v/v ACN, 6% v/v TFA, saturated with phthalic acid) and
subjected to phosphopeptide enrichment by TiO,. Seven synthetic
peptides were spiked to the peptide mixture in order to check the
reproducibility of the replicates. The phosphopeptides bound to TiO,
beads were washed and eluted as described previously (21, 29).

nLC-MS/MS Measurement and Phosphopeptide Identification—
The phosphopeptide-enriched samples were analyzed by nLC-
MS/MS on an LTQ Orbitrap Elite (Thermo Fisher Scientific, Bremen,
Germany) mass spectrometer coupled to an Ultimate 3000 nLC
(Thermo Fisher Scientific). Peptides were pre-concentrated on a self-
packed Synergi HydroRP trapping column (100 um ID,4 um particle
size, 10 nm pore size, 2 cm length) and separated on a self-packed
Synergi HydroRP main column (75 um ID, 2.5 um particle size, 10 nm
pore size, 30 cm length) at 60 °C and a flow rate of 270 nl-min~ " using
a binary gradient (A: 0.1% formic acid, B: 0.1% formic acid, 84%
ACN) ranging from 3% to 45% B in 240 min.

MS survey scans were acquired from 350-2000 m/z in the Orbitrap
at a resolution of 60,000 using the polysiloxane m/z 445.120030 as
lock mass. The ten most intense ions were subjected to collision-
induced dissociation and MS/MS using normalized collision energy of
35% and an activation time of 30 ms and MS/MS were acquired in the
LTQ. AGC values were set to 10° for MS and 10* for MS/MS scans.

The acquired spectra were searched against the TIGR EST se-
quence database for Tobacco (ftp://occams.dfci.harvard.edu/pub/
bio/tgi/data/; release version 10/04/2011, 48961 entries) using Pro-
teome Discoverer 1.3 with Mascot. Quantification, false discovery
assessment and phosphorylation site localization were performed
using the following nodes: Precursor lons Area Detector, Peptide
Validator, and phoshoRS (30). Searches were conducted with the
following settings: 10 ppm MS tolerance, 0.5 Da MS/MS tolerance,
trypsin as a cleaving enzyme with max. two missed cleavage sites,
carbamidomethylation (Cys) as fixed, and oxidation (Met) together
with phosphorylation (Ser, Thr, Tyr) as variable modifications. Finally,
the results were subjected to the filtering criteria of mass deviation =
4 ppm and high confidence (corresponding to a false discovery rate
<1% on the peptide-spectrum match level). The standard deviation
of the peak areas of the synthetic peptides was below 25% so the
results were considered reproducible. Peak areas were considered
per peptide, i.e. different charge states were combined. Of all identi-
fied phosphopeptides, only the ones that showed a standard devia-
tion <30% of the abundance between the biological replicates of the
same stage, and that were identified in all of the replicates were listed
in the result tables. Moreover, only phosphopeptides with an unam-
biguously assigned phosphorylation site with a probability higher than
90% (phoshoRS) were considered. All raw data and search results
have been deposited in proteomeXchange (31) with the accession
PXD003042.

nLC-MS/MS of the Trypsinized Crude Protein Extract—For each
sample ~1 pg of the trypsin digest was analyzed by nLC-MS/MS
prior to TiO, enrichment, using the same conditions as above. Data
analysis was also conducted as above, however, omitting phosphor-
ylation as variable modification. Only proteins meeting the following
criteria were quantified: (1) at least 2 unique peptides quantified in at
least 2 out of 3 biological replicates, (2) for all conditions standard
deviations between biological replicates had to be <40%. Proteins
that differed among any of two studied stages at least twofold in
abundance were considered as regulated.

Protein Categories and Motif Search—The gene ontology (GO) and
enzyme codes were originally acquired by Blast2GO ver 2.7.2 (https://
www.blast2go.com); the identified tobacco ESTs translated in the
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Fic. 2. The statistics of identified phosphopeptides. A, Column
diagram showing the number of phosphopeptides according to the
number of unambiguously identified phosphorylation sites in a single
peptide. If a phosphorylation site was identified in more than one
peptide, it was counted repeatedly every time on every peptide. B,
Number of phosphorylation sites according to the phosphorylated
amino acid (serine, threonine, or tyrosine) identified. If a phosphory-
lation site was identified in more than one peptide, it was counted only
once.

longest reading frame were searched against the Arabidopsis pro-
teome. For many of the sequences, the GO terms (divided into three
groups: molecular function, biological process, and cellular compart-
ment) together with the EC enzyme codes were assigned according
to the homologous Arabidopsis sequences. However, some of the
tobacco sequences lacked their Arabidopsis homologue in the pro-
teome database and/or the gene ontology was not informative
enough. So finally, the acquired GO terms were manually converted
to protein categories and subcategories according to Bevan et al. (32)
to enable better categorization of the data. In case a protein had more
functions, it was catalogued according to the prevailing function.

All unambiguous phosphopeptides (supplemental Table S2) were
analyzed for the significant phosphorylation motifs by Motif-X soft-
ware (33, 34). Two searches were performed, one looking up phos-
phorylated serine and the other one searching for phosphorylated
threonine (phosphotyrosine motifs were not searched because there
was only one phosphorylated tyrosine in the phosphopeptide data
set). The width of a phosphorylation motif was set to 13 (where the
phosphoamino acid was placed into the central position), number of
occurrences to 15, and significance score to 0.000001. As a back-
ground, data set of tobacco Uniprot sequences was uploaded.

The regulated phosphopeptides were manually divided into seven
categories according to their regulatory trends. The motif search was
not performed on the regulated phosphopeptide data set because it
contained only a limited number of phosphopeptides. The graphical
representation of the peptide abundances in the various stages was
performed by the VANTED software package (http://www.vanted.org,
ref. 35).

RESULTS

Phosphopeptide Enrichment and Identification—In this
study, 471 phosphopeptides were identified with an unam-
biguously assigned position of the phosphorylation site (sup-
plemental Tables S1 and S2). The vast majority of the identi-
fied phosphopeptides was singly phosphorylated (437),
whereas only a minority was doubly (32) or triply phosphory-
lated (2), see Fig. 2A. These 471 identified phosphopeptides

contained collectively 432 unique unambiguous phosphoryl-
ation sites. The number of unique phosphorylation sites is
lower than the number of phosphosites identified in all phos-
phopeptides because some of the identified phosphorylation
sites were redundant. Such a redundancy was observed for
instance in case of couples of peptides, where one of which
was completely cleaved whereas the other carried one
missed-cleaved trypsin site (e.g. represented by the peptides
KQLVSVAS*AVK and QLVSVAS*AVK from adenine nucleo-
tide a hydrolases-like protein or peptides S*"WDDADLK and
S*WDDADLKLPGK from eukaryotic translation initiation fac-
tor 5B-like protein; an asterisk represents the phosphorylation
site) or alternatively in case of two peptides, one of which was
oxidized on a methionine whereas the other was not modified
in that way (e.g. peptides KENVGPMVNLENPTS*PK and
KENVGPmMVNLENPTS*PK from low-temperature-induced 65
kDa protein or peptides EES*DDDMGFSLFD and EES*DDDm-
GFSLFD from acidic ribosomal protein P1a-like protein; an
asterisk represents phosphorylation site, and lowercase “m”
represents an oxidized methionine).

Because conventional phosphoproteomic workflows were
applied, only O-phosphorylated amino acids were identified,
particularly serine, threonine, and tyrosine (Fig. 2B). The dom-
inant phosphorylated amino acid was phosphoserine with 373
phosphorylation sites (86.4%), followed by phosphothreonine
represented by 58 phosphorylation sites (13.4%). Only one
phosphorylation site (corresponding to 0.2%) was detected
on a tyrosine making it the rarest phosphorylated amino acid
in the data set.

Identified Phosphoprotein Categories—The 471 identified
phosphopeptides revealing 432 unique phosphorylation sites
were assigned to 301 proteins as several proteins contained
more than one phosphorylation site. A protein was defined
throughout the article as a sequence identified either with a
single accession number or with a unique combination of
accession numbers. The combination of accession numbers
was applied in case of one peptide being assigned to two or
more identifiers, e.g. the couple NT_TC85822_1 and NT_
TC87771_1 or the pair NT_TC82971_1 and NT_TC77872_1).
Also, some accession numbers were assigned to more than
one peptide, either as an exclusive number (e.g. NT_TC95936_
1 or NT_TC83486_1), or in combination with another acces-
sion (e.g. NT_TC95936_1 and NT_FG166442_1, or NT_TC83486_
1 and NT_FG175056_1). Thus, a row in supplemental Table
S1 represents a single protein; the phosphopeptides belong-
ing to one phosphoprotein are put together into one cell. The
proteins were annotated according to the original TIGR pro-
tein descriptions. However, many of these annotations were
not explanatory enough so in case of some phosphoproteins,
the annotation was improved using the homologues found by
tblastx in the GenBank database (http://blast.ncbi.nim.nih.
gov).

The annotated proteins were sorted according to their pre-
vailing function. The GO search was performed by blast2GO

Molecular & Cellular Proteomics 15.4

1341


http://www.mcponline.org/cgi/content/full/M115.051672/DC1
http://www.vanted.org
http://www.mcponline.org/cgi/content/full/M115.051672/DC1
http://www.mcponline.org/cgi/content/full/M115.051672/DC1
http://www.mcponline.org/cgi/content/full/M115.051672/DC1
http://www.mcponline.org/cgi/content/full/M115.051672/DC1
http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov

Tobacco Male Gametophyte Phosphoproteome

metabolism

known 3%
unknown energy
2% 3%

cell growth/division
3%

unclear
classification
18%

transcription
17%

disease/defence
2%

signal transduction
10%

protein synthesis

cell structure 16%

8%

intracellular traffic - . o
7% transporters Protein destination
1% and storage
10%

Fic. 3. Pie chart showing the percentage of the individual phos-
phoprotein categories.

software (https://www.blast2go.com). Because the obtained
results did not allow an easy categorization according to
protein function, the gene ontology assignment was further
performed manually into the categories according to Bevan et
al. (32). Every protein was catalogued into just one category.
In case one protein had more distinct functions, it was sorted
into the category with the dominant function. The difference
between “unclear classification” and “unknown” was as fol-
lows: the proteins with a known homologue and/or annotation
(characterizing them only to some extent) with an unclear
function were catalogued as “unclear classification” whereas
the proteins without a known homologue and/or functional
annotation were classified as “unknown.” The protein catego-
ries are summarized by a pie chart in Fig. 3. The main cate-
gory cataloguing almost one fifth of the phosphoproteins was
represented by species with “unclear classification.” Over one
quarter of proteins (falling into two separate categories, pro-
tein synthesis, and protein destination and storage) was con-
nected with translation. More than 10% belonged also to
transcription (17%), and exactly 10% to signal transduction.
Cell structure and intracellular traffic reached 8% or 7%,
respectively. The other categories were represented only by a
few percent: metabolism, energy, cell growth/division, dis-
ease/defense, unknown, and transporters. For enzymes, the
EC numbers are given in supplemental Table S2.

Motif Analysis—Protein phosphorylation occurs usually on
particular short amino acid motifs rather than on random
sequences. Some of these motifs can be kinase-specific so
their knowledge can reveal cellular regulatory networks in
more detail. The dominant phosphorylation motifs in our data
set compared with the random background based on the
tobacco sequences from Uniprot protein (http://www.uniprot.
org) database were identified by Motif-X software (supple-

mental Fig. S2). Two independent searches were performed -
one focused on phosphoserine motifs and the other one
looking up phosphothreonine motifs. The phosphotyrosine
was not subjected to this analysis because only one phos-
phorylated tyrosine was present in the entire data set. The
phosphorylation motifs had to be found at least 15 times in
the experimental data set to be considered. The most abun-
dant phosphoserine motif and the only phosphothreonine
motif were represented by the phosphorylation site that was
followed by a prolin: XxxxxxS*Pxxxxx, and XxxxxxT*Pxxxxx
(where phosphorylation site is marked by an asterisk and the
position that can be occupied by any amino acid is shown as
“x”). The proline motif with a serine was detected 118 times,
whereas proline following a threonine was found only 31
times. The remaining phosphoserine motifs were two basic
and two acidic ones. The basic motifs were represented by a
phosphorylated serine, preceded by a lysine or an arginine
followed by any two amino acids. In particular, the motif
xxXRxxS*xxxxxx was detected 37 times, whereas the slightly
less abundant xxxKxxS*xxxxxx was carried by 30 phospho-
rylated peptides. The acidic motifs were composed of a serine
followed either by a glutamic acid, one any amino acid, and a
glutamic acid or by one any amino acid with two glutamic
acids. The motif xxxxxxS*DxExxx was found 23 times
whereas the second acidic motif xxxxxxS*xDDxxx was pres-
ent in 15 phosphopeptides (supplemental Fig. S2). The kinase
families that usually recognize such motifs are referred to
more in detail in the discussion.

Regulated Phosphopeptides—In order to determine whether
substantial changes on the level of protein expression oc-
curred between the different time points, additional nLC-
MS/MS measurements were performed on the complex pep-
tide mixture without prior TiO, enrichment.

The concentration of the nonphosphorylated peptides
from this analysis served as a reference (protein abun-
dance), and the abundance of the phosphopeptides was
compared with this reference. Some of the phosphorylated
peptides changed their concentration in accordance with the
abundance changes of the whole protein. The global abun-
dance ratios of these phosphoproteins are shown in supple-
mental Table S3 in red. The concentration of such phosphor-
ylated peptides changed likely because of the synthesis or
degradation of the whole proteins rather than as a conse-
quence of the sole phosphorylation or dephosphorylation. On
the other hand, other phosphorylated peptides did not reflect
the concentration changes of the corresponding proteins and
showed either opposite abundance change or showed a
changed abundance exclusively at the phosphopeptide level
(and not on the level of the whole protein). The concentration
ratio of such proteins is shown in supplemental Table S3 in
black. Such changes in phosphopeptide abundance that were
not reflected by the concentration of the whole protein are
likely to be caused exclusively by protein phosphorylation or
dephosphorylation processes.
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Because proteins were quantified based on at least two
unique peptides leading to a reduced precision compared
with single peptide-based phosphopeptide quantification,
here the maximum standard deviation allowed among biolog-
ical replicates was 40%, compared to 30% for phosphopep-
tides. Moreover, because of the increased complexity of the
samples the identification in two out of three candidates was
considered sufficient.

The proteins considered to be of a different abundance had
to show twofold difference between at least two stages. If we
consider these proteins and the phosphopeptides that be-
longed to them, we counted 209 phosphopeptides, which
were sorted into seven regulatory groups (see Fig. 4 and
supplemental Fig. S3). The first three groups presented phos-
phopeptides that were identified exclusively in one of the
three studied stages. The highest number of phosphorylated
peptides fell into the category unique for mature pollen—135
phosphopeptides (group I). Nine phosphopeptides were iden-
tified exclusively in both 5-min (group Il), and 30-min activated
pollen (group lll). The other three groups contained phospho-
rylated peptides that were detected in two stages out of three.
Twenty-one common phosphorylated peptides were de-
tected in 5-min and 30-min activated pollen (group 1V), and 19
common phosphopeptides were detected in mature pollen
and 30-min activated pollen (group VI). Only nine phospho-
peptides fell into the group that was missing in 30-min acti-
vated pollen (group V). The last regulation group was repre-
sented by the phosphopeptides common to all three stages,
represented by seven phosphopeptides (group VII).

The main protein categories where the regulated phospho-
peptides belong to were transcription, translation, and protein
synthesis and storage (please refer to the pie charts in Fig. 4).
These categories collectively accounted for one third to one
half of phosphopeptides in the respective regulation group.
Quite common were also phosphopeptides with “unclear
classification” that accounted for about a quarter of the phos-
phopeptides in the regulatory groups exclusive to any of the
stages (group I, I, and Ill), and in the group IV with the
common regulation to the 5-min and the 30-min activated
stage. Furthermore, it represented almost a half in the group
VI (i.e. peptides that were absent from 5-min activated pollen).
In the regulation group VII (common to all studied stages), the
functional category “unclear classification” was supple-
mented with “unknown,” which represented over a quarter of
identified phosphopeptides.

Group 1, and group V represented the phosphopeptides
that were phosphorylated in mature pollen, and then were
dephosphorylated upon pollen activation. Exclusive phospho-
sites in mature pollen, concentration changes of which were
not reflected by changes on the protein level were repre-
sented for instance by eukaryotic initiation factor 4B, various
RNA binding proteins, mini zinc finger protein, C2 domain-
containing protein, ubiquitin-activating enzyme 2, vesicle-as-
sociated protein 25, MODIFIER OF SNC1 (SUPRESSOR OF

NPR1-1, CONSTITUTIVE 1) 1-like protein, and a variety of
proteins with unclear classification, such as muscle M-line
assembly protein UNCOORDINATED-89-like (UNC-89-like),
dentin sialophosphoprotein-like protein, and glycine-rich pro-
tein 2. The phosphosites that were shared by 5-min activated
pollen and mature pollen were found for example in eukary-
otic translation initiation factor 4v-like protein, nucleic acid
binding protein, UBA (ubiquitin associating) and UBX (ubiqui-
tin-like) domain-containing protein At4g15410-like, auxilin-re-
lated protein 2-like, and pollen tube Rho guanine nucleotide
dissociation inhibitor 2 (Rho GDI2). The groups I, lll, and IV
were composed of phosphorylation sites that appeared only
upon pollen activation. There were detected for instance zinc
finger CCCH domain-containing protein 31-like protein, ribo-
somal protein S6-like, protein phosphatase inhibitor 2-like
protein, serine/arginine-rich splicing factor RS2732-like, E3
ubiquitin-protein ligase RING FINGER PROTEIN 4 (RNF4)-like,
WD repeat-containing protein 24 homolog, cytochrome ¢ ox-
idase subunit 5b-1 protein, methyl-CpG-binding domain 10
protein, histone deacetylase 1 (HDT 1). The most dynamic
regulatory trend was documented by group VI, peptides of
which showed phosphorylation in mature pollen, then tempo-
rary dephosphorylation immediately upon pollen activation
and a re-phosphorylation later during pollen activation (30
min). Such a dynamic regulation was detected in these phos-
phoproteins: phospholipase A2/esterase, bZIP transcription
factor bZIP100, acidic ribosomal protein P1a-like protein, late
embryogenesis abundant (LEA) proteins, RNA binding proteins
and transcription initiation factor IIF subunit a-like protein. Fi-
nally, group VIl collected the proteins that were present in all
stages and showed significant abundance changes throughout
the development. These species were for example represented
by serine/threonine-protein kinase DST2-like, calreticulin pre-
cursor, 2-phosphoglycerate kinase-related family protein, and
RNA polymerase-associated protein LEO1-like.

Multiple Phosphorylation—A single protein can carry sev-
eral phosphorylation sites that show different regulatory
trends (36, 37). Examples of such proteins identified in our
study were actin cytoskeleton-regulatory complex PAN1-like
protein, and octicosapeptide/PHOX/BEM1p-domain-contain-
ing protein (PB1-containing protein). The former is character-
ized by six phosphorylation sites that showed three regulatory
trends (Fig. 5A, and supplemental Table S4). The phospho-
peptides NSPFGFEDSVPGS*PLS*R and NSPFGFEDSVPG-
SPLS*R were identified exclusively in mature pollen whereas
the phosphopeptide NSPFGFEDSVPGS*PLSR was present in
mature pollen and 5-min activated pollen. We can speculate
that the first serine became phosphorylated in mature pollen,
peaked in 5-min activated pollen, and in 30-min activated
pollen remained undetectable. On the other hand, the second
serine dominated in mature pollen whereas later on was un-
detectable. Furthermore, it is likely that in mature pollen both
phosphorylation forms (a singly and a doubly phosphorylated)
coexisted possibly each showing a different regulatory activ-
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Fic. 4. Expression profiles of the selected phosphopeptides with a different abundance in the studied male gametophyte stages. The
phosphopeptides were sorted into seven regulation groups based on their abundance differences in the three analyzed male gametophyte
stages (group | - left panel; groups II-VII - right panel). The relative peptide abundance in each group is shown based on a gray scale (light
gray - not detected; black - the highest concentration). Each column represents the average peptide abundance of the three independent
LC-MS experiments. In the rows, the normalized abundance of peptides as extracted from the Proteome discoverer LC-MS software is
presented. Peptides assigned to one and the same identifier are highlighted in gray. Gene ontology (GO) categories are presented for each
group as a pie chart. The full presentation of the data set is provided in the supplemental Table S3.
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Fic. 5. Phosphorylation patterns of two selected phosphopro-
teins identified in our data set in three stages of male gameto-
phyte. A, Actin cytoskeleton-regulatory complex protein PAN1-like.
B, PB1-containing protein. “S” stands for serine, the number indi-
cates the position of the amino acid in the polypeptide chain, and
phosphorylation site is depicted as a “P” in the black circle.

ity. The latter, PB1-containing protein is characterized by
seven phosphorylation sites showing three regulatory trends
(Fig. 5B, and supplemental Table S4). The phosphopeptides
FVDALNSGPIHASPAGAVAS*PAGSADFLFGS*EK, and FVDA-
LNSGPIHAS*PAGAVASPAGS*ADFLFGSEK coexisted exclu-
sively in mature pollen, whereas the phosphopeptide FVDA-
LNSGPIHASPAGAVAS*PAGS*ADFLFGSEK was present only
in mature pollen and 30-min activated pollen. It is likely that
phosphorylation of all these four serines occurs in mature
pollen, it vanishes in 5-min activated pollen, and that two of
the phosphorylation sites re-appear after 30 min of pollen
activation. The dephosphorylation after 5 min of activation
might be directly related to pollen activation/hydration. On the
other hand, the phosphopeptides LFLFPANPPS*S*VGSG-
VPQSR, and LFLFPANPPSS*VGS*GVPQSR were identified
exclusively in 30-min activated pollen, whereas the phospho-
peptide LFLFPANPPSSVGS*GVPQSR was found also in ma-
ture pollen. Possibly, the third phosphorylated serine ap-
peared in mature pollen, vanished and re-appeared in 30-min
activated pollen whereas the other two phosphoserines ap-
peared only after 30 min of pollen activation. Collectively our
results showed differential phosphorylation patterns for a
large number of proteins likely involved in the early processes
during tobacco pollen activation.

DISCUSSION

In the presented data set, 471 phosphopeptides have been
identified in three stages of male gametophyte (mature pollen,
pollen activated for 5 min and pollen activated for 30 min),
which carried 432 unambiguous phosphorylation sites. The

observed redundancy was caused by couples of phospho-
peptides, one of which was “normal”, and the other one was
either missed-cleaved by trypsin or came from chemical mod-
ifications, such as methionine oxidation. These 432 unique
phosphorylation sites have been assigned to 301 individual
proteins. The number of phosphorylation sites identified rep-
resents a great improvement in comparison to our previous
tobacco male gametophyte phosphoproteomic study that
identified 52 unambiguous phosphorylation sites (21). In that
study we applied Al(OH)5- metal oxide/hydroxide affinity chro-
matography for phosphoprotein enrichment (allowing the an-
notation of only one phosphorylation site), and TiO, phospho-
peptide enrichment for the analysis of phosphorylation sites
of selected candidate proteins from mature pollen. Such im-
provement in the number of phosphorylation sites after phos-
phopeptide enrichment in the actual study compared with the
phosphoprotein enrichment in the previous study is in accor-
dance with several previous studies where phosphoprotein
enrichment revealed only a limited number of phosphorylation
sites (6, 38, 39). Moreover, a tandem approach enriching first
for phosphoproteins and then after trypsin digest also for
phosphopeptides was shown beneficial (13, 14).

The Proportion of the Phosphorylated Amino Acids in the
Presented Phosphoproteome—The conventional phospho-
proteomic techniques lead to the identification of O-phosphor-
ylated amino acids: serine, threonine, and tyrosine because
phosphorylated histidine (that carries phosphate attached to a
nitrogen atom in its imidazole ring) is labile under acidic pH
(that is usually applied during the conventional enrichment
protocols and during conventional LC-MS; ref. 40). In most
phosphoproteomics studies, the dominant phosphoamino
acid is serine with 80-90%, followed by threonine occupying
around 10-15%, and tyrosine reaching few percent. In our
study, we observed the pSer/pThr/pTyr ratio of 86.4:13.4:0.2 that
was astonishingly similar to the Arabidopsis mature pollen
phosphoproteome with a ratio of 86:14:0.16 (15). In case of
various human cell cultures, around 2-4% of phosphoty-
rosine were reported—particularly 1.8% (41), 2.3% (42), or
3.8% (43). Usually, there was less phosphotyrosine (<1%)
observed in plants than in human cell cultures, although the
human phosphoproteomic research was often conducted on
cancer cell lines that have a huge phosphorylation level. The
pSer/pThr/pTyr ratios in various Arabidopsis cell cultures ranged
from 91.8:7.5:0.7 (44) to 83.81:16.18:0.01 (45). On the con-
trary, other studies reported a phosphotyrosine content com-
parable to the animal phosphoproteomes, such as 85:10.7:
4.3 (46), and 82.7:13.1:4.2 (47) in Arabidopsis cell cultures,
and 84.8:12.3:2.9 in a rice cell culture (47). From the differing
contents of phosphotyrosine in the presented data sets, it is
obvious that it still remains speculative how abundant phos-
photyrosine phosphorylation in plants actually is (48, 49).
Furthermore, the inhibitors of tyrosine phosphorylation (phe-
nylarsine oxide and genistein) applied to the lily cultivated
pollen strongly affected its growth rate, likely influencing the

Molecular & Cellular Proteomics 15.4

1345


http://www.mcponline.org/cgi/content/full/M115.051672/DC1

Tobacco Male Gametophyte Phosphoproteome

dynamics of actin cytoskeleton (50). However, the exact po-
sition of phosphotyrosine phosphorylation in pollen proteins
remains to be elucidated as well as any further possible role of
tyrosine phosphorylation during pollen tube growth. Phos-
photyrosine was shown to be carried by proteins playing an
essential role throughout the life of a plant, such as brassi-
nosteroid receptor BRI1 (51), or proteins involved in phyto-
chrome signaling (52). The only phosphorylated tyrosine in our
data set was identified in the peptide GVSY*GGGQSSLGYLF-
GGGEAPK of the SPIRAL1-like 1 protein.

Phosphoproteins with Unknown Function—Among the
identified phosphoproteins, the dominant functional category
was “unclear classification.” Collectively with “unknown,” it
counted for one fifth of the identified phosphoproteome (Fig.
3). It is likely that some of these “unknown” proteins are
pollen-specific or pollen-enriched compared with sporophyte
tissues, and that their role is still unknown. In tobacco pro-
teome, it was clearly shown that gametophytic tissues con-
tained specific proteins (837 out of 2135 proteins) that were
not shared by sporophyte tissues, particularly leaves and
roots (or were at least not as abundant as in gametophyte,
and so remained below the detection limit of the proteomic
techniques; ref. 20). Out of these 837 proteins, 120 fell into the
GO category “not assigned”, that represented approx. 14% of
all pollen-specific proteins reported by Ischebeck and col-
leagues (20). From this point of view, our phosphoproteomic
data set is consistent with the published tobacco male ga-
metophyte proteome.

Phosphoproteins Involved in Translation and Protein Fate—
Almost a quarter of the identified phosphoproteins have a
likely role in translation; either in protein synthesis, or in pro-
tein destination and storage. Tobacco pollen activation and
subsequent pollen tube growth was originally shown to be
vitally dependent on translation but almost independent of
transcription (53). Although our recent microarray transcrip-
tomic analyses revealed a number of mMRNAs being synthe-
sized during pollen tube growth even after 24 h of cultivation
(54, 55), many of the transcripts in the desiccated mature
pollen are stored in EDTA/puromycine-resistant particles
(EPPs). These particles contain parts of ribosomes and trans-
lation apparatus together with mRNAs (56, 57) and the trans-
lation of EPP-stored mRNAs starts after pollen activation.
Translation initiation was shown to be regulated by protein
phosphorylation of initiation factors and other regulatory pro-
teins (5) so the presence of the translation initiation factors
such as various forms of eukaryotic translation initiation factor
2, and eukaryotic translation initiation factors 3B, 4A-9, 4B,
4G, iso4F, 5B-like in our data set indicates ongoing translation
regulation. The fate of proteins during cellular processes is
also determined by their degradation via proteasome path-
way, to which proteins labeled by polyubiquitine chain are
subjected. Protein degradation is likely to have a key role
during male gametophyte development. Recently, it was

demonstrated that defective in cullin neddylation protein 1
(DCN1) was crucial for proper pollen tube development (58).

Phosphoproteins Role During Transcription—We detected
a remarkable proportion of phosphoproteins involved in tran-
scription (17% in particular). On the contrary, there was no
phosphoprotein candidate connected to transcription in our
previous phosphoprotein-enriched data set (21), probably be-
cause of their generally low abundance and the limited dy-
namic range of protein visualization techniques used. Such a
fact was already demonstrated for Arabidopsis mitochondrial
phosphoproteome where phosphopeptide enrichment led to
the identification of novel phosphorylation sites that were not
previously identified by the alternative approaches (38). As
mentioned above, active transcription in activated pollen grain
as long as 24 h of pollen tube growth has been shown (54, 55).
Here, we identified several transcription factors, most of
which contained a zinc finger motif. One of them, ZAT10, was
shown to be phosphorylated by two mitogen-activated pro-
tein kinases (MAPK3 and MAPKG®) (59). Interestingly, most of
our zinc finger transcription factors showed also prolyl-di-
rected phosphorylation motif making them likely substrates of
MAP kinases (60). Some MAP kinases were already identified
in tobacco male gametophyte (20, 61, 62). However, experi-
mental data directly linking these MAP kinases to their targets
have yet to be established.

Signaling Phosphoproteins—Compared with the data
achieved before (21), herein, we identified almost a twofold
number of proteins connected with signaling (10% in this
study compared to 6% after phosphoprotein enrichment).
Some of the signaling molecules are of a low abundance and
therefore likely below the detection limits of the phosphopro-
tein enrichment. From our data the pollen-specific Rho gua-
nine nucleotide dissociation inhibitors (Rho GDIs) should be
mentioned. Small GTPases from the Rho family play an es-
sential role in a polarized tip cell growth of pollen tubes, and
their activity is regulated by other interacting proteins, includ-
ing Rho GDI among others. Rho GDI removes the prenylated
Rho GTPase from the membrane and helps to maintain the
cytoplasmic pool of this protein. Its activity was shown to be
essential for pollen tube growth (63). The other signaling pro-
teins from our data set were various protein kinases and
phosphatases. Their presence was expected because the
precise regulation accompanying the switch from the meta-
bolically quiescent pollen grain to the rapidly-growing pollen
tube is likely to involve the activity of kinases and phospha-
tases, phosphorylation of which was shown to regulate their
activity (64). Many of the identified kinases showed low ho-
mology to the known sequences in the database making the
specification of the appropriate kinase family hard or even
impossible. This might be caused by the fact that they repre-
sented pollen-specific and/or tobacco-specific proteins, ho-
mologues of which were absent in recent databases.

Kinase Motifs—Many protein kinases show phosphoryla-
tion motif specificity or at least phosphorylation motif prefer-
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ence. In order to find any possible up-regulated kinase motifs,
we searched the presented data set using Motif-X algorithm.
It should be noted that the information about linking a partic-
ular kinase to a phosphorylation motif is limited in plants and
consequently the information is often extrapolated from other
model organisms, mostly human (65). Two searches were
performed looking up either for phosphoserine or for phos-
phothreonine (supplemental Fig. S2). Phosphorylated serine
was shown to be present in five phosphorylation motifs
whereas phosphothreonine occupied the central position of
only one phosphorylation motif.

The first motif to be discussed is the prolyl-directed phos-
phorylation, i.e. a phosphorylated amino acid followed by a
proline, regardless of the presence of phosphoserine (xxxx-
xXS*Pxxxxx) or phosphothreonine (xxxxxxT*Pxxxxx). The
prolyl-directed phosphorylation is typical for two big groups of
protein kinases - mitogen-activated protein kinases (MAPK), and
cyclin-dependent protein kinases (CDK; ref. 60). Both these
large kinase families were identified in the tobacco male ga-
metophyte proteome (20), supplemental Table S5. MAPKs
play a key regulatory role in many physiological processes
including stress reactions and pollen hydration (62). CDKs
were originally shown to regulate cell cycle and their activity in
male gametophyte was expected because both pollen mito-
ses are precisely regulated (54). The alternative function of
CDKs is for example the regulation of pre-mRNA splicing of
callose synthase in pollen tube that influences cell wall for-
mation (66). Alkaline phosphorylation motifs XxxXxRXXS*Xxxxxx,
and xxxKxxS*xxxxxx are recognized by Ca®"/calmodulin-de-
pendent protein kinase (CAMK2; ref. 60). A chimeric CAMK
with two distinct domains, one of which reacts to free Ca®*
and the other to Ca®*/calmodulin, was shown to be ex-
pressed in male gametophyte of lily and tobacco (67). Its
expression started in pollen mother cell and then continued to
peak in the tetrad stage. Such an expression profile tends us
to speculate that the expression of this kinase reacts to Ca®™"
oscillations, and that precisely regulates the synchronous
events during microsporogenesis. Besides, this alkaline motif
is in plants also recognized by the Ca®*-dependent protein
kinase-sucrose-nonfermenting-related kinase (CDPK-SnRK)
superfamily of protein kinases (68). Two kinases of this family
were actually identified in tobacco male gametophyte pro-
teome (Supplemental Table 5, and ref. 20). Last but not least,
we identified two acidic kinase motifs with a central phospho-
serine - XxxXxxxxS*DxExxx, and xxxxxxS*xDDxxx - corre-
sponding in principle to the motif xxxxxxS*(D/E)(D/E)(D/E)xxx
that is recognized by casein kinase 2 (CK2; ref. 60). Casein
kinase 2 was shown to be activated by salicylic acid in to-
bacco (69), and two casein kinases were identified in tobacco
male gametophyte proteome (supplemental Table S4, and ref.
20). We have to point out that although the corresponding
kinases were identified in our data set, it still remains un-
proven whether they really interact with the phosphoproteins

containing the corresponding motifs, and which of the kinases
is actually responsible for a particular phosphorylation event.

Regulated Phosphopeptides and Their Function—There
were established seven groups collecting the regulated phos-
phopeptides according to their regulatory trends. As men-
tioned above the groups | and V collected phosphopeptides
that were phosphorylated in mature pollen. Because the
phosphopeptides included in both group | and group V de-
creased in abundance after pollen activation, we assumed
that the role of their phosphorylation is mainly required in dry
mature pollen and/or their dephosphorylation represents the
actual activation/de-repression. The dominant categories
were protein synthesis and protein destination and storage,
represented by many proteins for example by various trans-
lation initiation factors, LA-related protein like, among others.
There was also identified protein Rho GDI that regulates the
activity of Rho GTPases that are essential for tip growth of
pollen tube (63). However, to our knowledge, the role of its
phosphorylation site was not reported yet. According to our
results, it can be assumed that its activity is switched on by
dephosphorylation (at least of the particular phosphopeptide
found in this regulatory group V) because the phosphates
were attached to the protein exclusively in mature pollen and
the concentration of the only phosphopeptide in group V
decreased in pollen activated in vitro for 5 min. The other
candidate specific to mature pollen was MAP kinase. MAP
kinases were reported to play their roles upon pollen rehydra-
tion (62) so this phosphorylation might again be switching off
the MAP kinase ready for pollen grain activation.

The groups I, Ill, and IV collected proteins phosphorylated
strictly upon pollen activation. There appeared for example E3
ubiquitin-protein ligase RING FINGER 4 (RNF4)-like, the a-
subunit of a nascent polypeptide-associated complex, protein
phosphatase inhibitor 2, cytochrome oxidase c, histone
deacetylase HDT1, villin and peptidyl-prolyl cis-trans isomer-
ase 1 (PPI1), among others. Protein ubiquitination is likely to
be initiated upon pollen activation in order to degrade the
present proteins and to replace them with the newly synthe-
sized species. Another E3 ubiquitin-protein ligase in Arabi-
dopsis was reported to bind its target 14-3-3-proteins only
upon phosphorylation of its particular amino acids (70). If the
E3 ligase identified in our data set acts also after phosphor-
ylation, we might speculate that this phosphorylation event
represents an activation phosphorylation. The phosphory-
lated peptides from phosphatase inhibitor 2 appeared only
upon protein phosphorylation. However, we might only spec-
ulate whether their phosphorylation promotes their activity or
rather blocks it. Villin plays a role in actin cytoskeleton dy-
namics and it was shown to be phosphorylated on a tyrosine
(71). The role of tyrosine phosphorylation during pollen tube
growth was deduced from the pollen tube treatment by drugs
influencing tyrosine phosphorylation that caused lower pollen
germination rate and shorter pollen tubes (50). Because the
treated pollen tubes showed a different arrangement of actin
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filaments, it might be possible that not only actin itself but also
actin-binding proteins (such as villin) have to be precisely
tyrosine-phosphorylated.

The most dynamic regulation was shown for the group VI
phosphopeptides. This category grouped phosphopeptides
that were phosphorylated in mature pollen, then dephospho-
rylated in 5-min activated pollen and later after 30-min acti-
vation re-appeared again among phosphopeptides. Phos-
phopeptides of the following proteins were put exclusively to
this category (i.e. they did not show any other phosphopep-
tides belonging to any other group of regulated phospho-
peptides): transcription initiation factor IIF, acidic ribosomal
protein P1a-like, LEA protein D34, and ARA4-interacting pro-
tein. The other phosphoproteins had their corresponding
phosphopeptides also in other regulation groups. These
phosphorylation sites might represent phosphoproteins that
reflect with their phosphorylation/dephosphorylation cycles
the ion signal pulses during pollen tube growth (72). However,
we do not have the phosphoproteomics data regarding longer
periods of pollen tube growth in vitro, so making any bold
conclusion is beyond the scope of this article.

Group VIl comprised the regulated phosphopeptides that
appeared in all studied stages. There were only three proteins
that fell with their phosphopeptides exclusively into this cat-
egory—2-phosphoglycerate kinase-related family protein, nu-
clear RNA binding protein-like, and calreticulin precursor. The
other proteins were identified by peptides that fell not only
into this group but also in at least another one (mostly group
I, see supplemental Table S3, and Fig. 4).

CONCLUSION

Collectively, we purified and identified phosphopeptides
from mature pollen, 5-min activated pollen, and 30-min acti-
vated pollen, the three stages covering an early phase of male
gametophyte activation. This study presents the first devel-
opmental phosphoproteomics data from angiosperm acti-
vated pollen including the dynamics of very early phosphory-
lation events during pollen re-hydration and activation (i.e.
5-min activated pollen). The only other studied pollen tubes
were these of Picea wilsonii, a gymnosperm (23). We identified
471 phosphopeptides carrying 432 phosphorylation sites that
were assigned to 301 phosphoproteins. Moreover, the quan-
titative data highlighted the dynamics of protein phosphoryl-
ation during pollen activation and the differential regulation of
several phosphopeptides of the same phosphoprotein pin-
pointed the complexity of protein phosphorylation in its func-
tional context. Such list of phosphorylated proteins also rep-
resents a good starting point for the selection of the most
interesting candidates for subsequent studies revealing the
function of their phosphorylation and its integration into the
molecular processes underlying pollen tube growth and de-
velopment. Thus, this study brought new insights into the
activation of pollen because highlighted the phosphorylated

proteins that are very likely candidates, which would take part
in the regulation and processes of pollen tube activation.
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