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Protein post-translational modifications (PTMs) are among the fastest and earliest
of plant responses to changes in the environment, making the mechanisms and
dynamics of PTMs an important area of plant science. One of the most studied PTMs
is protein phosphorylation. This review summarizes the use of targeted proteomics
for the elucidation of the biological functioning of plant PTMs, and focuses primarily
on phosphorylation. Since phosphorylated peptides have a low abundance, usually
complex enrichment protocols are required for their research. Initial identification is
usually performed with discovery phosphoproteomics, using high sensitivity mass
spectrometers, where as many phosphopeptides are measured as possible. Once
a PTM site is identified, biological characterization can be addressed with targeted
proteomics. In targeted proteomics, Selected/Multiple Reaction Monitoring (S/MRM) is
traditionally coupled to simple, standard protein digestion protocols, often omitting the
enrichment step, and relying on triple-quadruple mass spectrometer. The use of synthetic
peptides as internal standards allows accurate identification, avoiding cross-reactivity
typical for some antibody based approaches. Importantly, internal standards allow
absolute peptide quantitation, reported down to 0.1 femtomoles, also useful for
determination of phospho-site occupancy. S/MRM is advantageous in situations where
monitoring and diagnostics of peptide PTM status is needed for many samples, as
it has faster sample processing times, higher throughput than other approaches, and
excellent quantitation and reproducibility. Furthermore, the number of publicly available
data-bases with plant PTM discovery data is growing, facilitating selection of modified
peptides and design of targeted proteomics workflows. Recent instrument developments
result in faster scanning times, inclusion of ion-trap instruments leading to parallel
reaction monitoring- which further facilitates S/MRM experimental design. Finally, recent
combination of data independent and data dependent spectra acquisition means that
in addition to anticipated targeted data, spectra can now be queried for unanticipated
information. The potential for future applications in plant biology is outlined.

Keywords: targeted proteomics, plants, Arabidopsis, Berley, SRM/MRM, post translational modification,
phosphorylation, ubiquitination
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PHOSPHORYLATION: IMPORTANCE IN
REGULATION OF PLANT PROCESSES
AND MOST COMMON TECHNIQUES FOR
MASS-SPECTROMETRIC ANALYSIS

Plant post-translational modifications (PTMs) have been
implicated in the regulation of a number of regulatory and
metabolic processes. Among them, protein phosphorylation is
the most studied PTM to date. As a product of enzymatic activity,
it was first discovered at the beginning of the twentieth century
(Levene and Alsberg, 1906; Burnett and Kennedy, 1954). It is
controlled by a fine balance between kinases and phosphatases
(Schulze, 2010). Indeed between 4 and 5% of the Arabidopsis
genome encodes various kinases, which is almost double from
mammals (Schulze, 2010; Zulawski et al., 2014).

Phosphorylation appears to be involved in regulating most of
the metabolic and physiological pathways in plants, including:
defense (Jones et al., 2006; Niihse et al., 2007), RNA metabolism
(de la Fuente van Bentem et al., 2006), carbon metabolism
(Wu et al, 2014), and root growth (Zhang et al, 2013,
2016).

Today, mass spectrometry (MS) is used routinely to
analyze large phospho-proteomics datasets in an untargeted
manner (Niittyld et al.,, 2007; Engelsberger and Schulze, 2012;
Hoehenwarter et al., 2013; Silva-Sanchez et al., 2015; Nukarinen
et al, 2016; Pi et al, 2018). These, are generated after
complicated, multistep enrichment protocols like Immobilized
metal affinity chromatography (IMAC), Titanium dioxide
(TiO3), and Cerium(IV) oxide (CrO;) (Thingholm et al., 2008;
Schulze, 2010; Qiao et al., 2012; Silva-Sanchez et al., 2015). The
critical step in MS analysis involves detection of the loss of
phosphate (neutral loss 98 kDa) from serine (Ser), threonine
(Thr), and tyrosine (Tyr) in MS3. This occurs after the peptide
has been fragmented to its amino acids. Phosphoproteomics
data from these untargeted experiments are hosted in publicly
accessible databases (Niihse et al., 2004; Gao et al., 2009; Durek
etal., 2010).

Characterisation of the biological importance of specifiic
phospho-sites was commonly done by biochemical and targeted
molecular biology approaches like phospho-site substitution
experiments (Budde and Chollet, 1986; Huber et al, 2002;
Liu and Tsay, 2003; Lillo et al, 2004; Lanquar et al,
2009; Krouk et al, 2010; Dissmeyer and Schnittger, 2011;
O’Leary et al, 2011). However, publicly available phospho-
peptide information, now enables wide audiences to undertake
physiological characterization of selected phosphoproteins by
targeted proteomics.

The advantages of targeted proteomics over e.g.,
immunoassays to study phosphorylation include: more
proteins monitored in a single run, less time invested in
assay development, no cross-reactivity, and no need to raise
antibodies against proteins with PTMs. In comparison to 2P
radio-assays-there are lower safety risks, due to the use of
stable isotopes. After the initial SRM assay is developed, the
speed and throughput for processing samples significantly
increases.

OVERVIEW OF TARGETED PROTEOMICS
AND CONSIDERATIONS FOR STUDY OF
PHOSPHOPEPTIDES

While, in untargeted proteomics as many peptides are measured
as possible (Schulze and Usadel, 2010), a characteristic of
targeted proteomics is that the MS is tuned to only measure
selected peptides from proteins of interest, commonly up to a
few hundred (Borras and Sabido, 2017). Less peptides usually
translates to shorter chromatography runs, resulting in higher
sample throughput. The peptides must be unique to the protein
(proteotypic), to allow unambiguous identification. Additionally,
Osinalde et al. (2017) addresses important considerations about
the chemical properties of phosphopeptides including phospho-
isomers (peptide with same sequence but various possible
phosphorylation sites).

Traditionally the MS- a triple quadrupole, is tuned to detect
the whole peptide and the products of its fragmentation, after
an in silico analysis. A triple quadrupole instrument uses the
first quadruple to select the mass and charge of the whole
peptide as it elutes from a liquid chromatography column
(precursor ion, MSI1), also recording the intensity of the
signal over time. The second quadruple is used for collision
induced fragmentation, and the third to record the intensity
of previously specified peptide fragments for precise peptide
identification and quantification (product ions, MS2) (Lange
et al., 2008). The combination of precursor and product ions
is called transitions and is unique to each selected peptide.
If quantitation is performed based on the peptide signal in
MS1 the technique is known as Selected Ion monitoring
(SIM), while if quantitation is performed on the peptide
fragments recorded in the third quadrupole—it is called Selected
or Multiple Reaction Monitoring (S/MRM), and both are
summarized elsewhere (Borras and Sabidd, 2017). Synthetic
peptides with amino acids containing stable isotopes of naturally
low abundance, are spiked in as internal standards. In context
of PTMs a modified and non-modified synthetic version of
the peptide are included, whose elution times and potentially
transitions will vary. The standards, which have same chemical
properties as the native peptides—will elute from the liquid
chromatograph with the native form and create similar fragment
spectrum, but synthetic peptides and fragments can be identified
by their different mass. Thus, the intensity of their signal
serves for absolute quantitation, by comparison to the native
peptide.

Traditional S/MRM is a technique where only a few peptide
transitions are measured for each peptide (Lange et al., 2008;
Elschenbroich and Kislinger, 2011). In contrast, parallel reaction
monitoring (PRM) replaces the last quadruple with an Orbitrap-
type instrument and monitors all fragments originating from the
selected peptide, thus facilitating the initial method development
(Peterson et al., 2012; Tang et al., 2014; Yang and Li, 2015;
Bourmaud et al, 2016). A comparison between PRM and
SRM showed comparable linearity, precision and dynamic
range (Ronsein et al., 2015). Detection limits in PRM as
low as 100 attomoles has been reported (Majovsky et al,
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2014). A promising recent development is an approach that
combines data independent and data dependent acquisition (i.e.,
Sequential Windowed Acquisition of All Theoretical Fragment
Ion Mass Spectra: SWATH) where all peptides in a sample are
fragmented and recorded, allowing the scientist to data-mine
not only for targeted transitions but for novel information.
In context of this review this translates to the potential for
identification of novel PTM sites (Doerr, 2012; Aebersold
et al,, 2016; Keller et al., 2016; Osinalde et al., 2017). Notably,
a cheaper alternative to create large numbers of internal
standards for quantitation, is the use of amino acid labeled
recombinant synthetic proteins, composed of concatenated
prototypic peptides (QconCAT) separated by tryptic sites. This
approach has been adapted to study the stoichiometry of protein
phosphorylation (Johnson et al., 2009; Pertl-Obermeyer et al.,
2016).

DESIGN OF SRM EXPERIMENTS FOR
TARGETING PROTEIN
PHOSPHORYLATION

Since publication of the first Arabidopsis genome in 2000
(Arabidopsis Genome, 2000), basic plant science has progressed
largely with model organisms to take advantage of their
molecular tool-boxes and mutant collections, which are costly
to develop for individual species. Notably, application of the
CRISPR technology may partially change this trend for crop
plants (Song et al, 2016). Nevertheless, progress in next
generation sequencing technologies brings a steady rise in
available genomes and transcriptomes (Bolger et al., 2017), which
means we can build on existing knowledge through the use
of conserved phosphorylation sites (Schulze et al., 2012). For
example, in a comparison of phosphorylation sites between
Arabidopsis and Rice, over 50% of the proteins that possessed
orthologues were found to have an orthologous phosphoprotein
in the other species, and about half were phosphorylated at
equivalent sites (Nakagami et al., 2010). This means that a large
part of information and methods can be carried across species.
Although the phosphorylation prediction tool, Musite, can be
used (Yao et al., 2012), an experimental confirmation is often
necessary.

For scientists interested in a targeted phospho-proteomics
approach, one protocol is described by Payne and Huang
(2017). Aditionally, in Figure 1, we outline a modified version
of the protocol from Aldous et al. (2014). An initial concern
in plant proteomics generally, is the protein extraction which
to be tailored to the plant material with regard to secondary
metabolites, e.g., by addition of Polyvinylpolypyrrolidone
(PVPP), and can be later removed in a simple centrifugation step-
luckily various plant specific protocols exist, which also include
the compulsory addition of reagents that prevent protease and
phosphatase action.

The first step of any targeted phospho-proteomics approach
is the selection of phospho-peptides and the decision which
transitions to record (Figure1.1). Skyline is a platform-
independent, open source software created for the design

and analysis of targeted proteomics experiments (MacLean
et al,, 2010). It is applicable to the study of phosphorylated
and acetylated peptides (Schilling et al, 2012), bypassing
the necessity of costly vendor specific software. Additionally,
publicly-available phospho-proteomics databases can be used for
initial phospho-peptide and fragment selection. Among them,
PhosPhAt (http://phosphat.uni-hohenheim.de/) hosts phospho-
proteomics data from Arabidopsis experiments, and incorporates
predicted phosphorylation site, kinases-substrate information,
and most importantly, the ability to export Mass-Spectra
from actual experiments (Heazlewood et al, 2008; Durek
et al., 2010; Zulawski et al., 2013). The database hosts both
peptide mass-to-charge (m/z) information, as well as fragment
information, which can be used directly in SRM experimental
design (Arsova and Schulze, 2012). An interactive network
of kinases and their substrates can also be explored in the
Plant Protein Phosphorylation database (P3DB, http://www.
p3db.org/); this database started as a database focusing on
phospho-proteins from crop plants, and today aims to be
a phospho-proteomics repository for all plants (Gao et al,
2009; Yao et al., 2014). A detailed manual for new users
of PhosPhAt and P3DB is available (Schulze et al., 2015).
Other available databases include the Medicago Phospho Protein
database (Grimsrud et al., 2010), and the dbPPT (Cheng et al.,
2014).

In an ideal case, a deposited peptide spectrum can be directly
inserted into a targeted proteomics software (Figure 1.1, Arsova
and Schulze, 2012). From this fragmentation spectrum, specific
-b and -y fragment-ions can be selected for targeted monitoring.
In case of modified peptides, a peptide fragment that corresponds
to the modification has to be included. Another important step is
the software aided prediction of the collision energy in the mass
spectrometer, which will fragment the peptide in such a way that
the monitored -b and -y ions are obtained (Wolf-Yadlin et al,,
2007).

During practical optimization, theoretical information
is verified on the MS platform directly available to the
scientist using recombinant proteins and/or plant test
material. This involves verifications of parameters like collision
energy, instrument dwell time or if necessary selection of
alternative fragment ions and can be performed using in vitro
phosphorylation on recombinant PPCK, and /or testing the
selected peptides in a complex plant mixture (Aldous et al.,
2014). Once the chromatography and MS conditions are
confirmed, heavy standard peptides in phosphorylated and
non-phosphorylated form are obtained (Figure 1.2). After this
preparatory phase, plants grown under a variety of conditions
can be subjected to a standard protein extraction including
phosphatase and protease inhibitors. If phosphopeptide
enrichment is included, QconCAT proteins can be spiked into
the samples before tryptic digestion and the enrichment step
(Elschenbroich and Kislinger, 2011). Thus, the standards will
have to undergo the digestion and phospho peptide enrichment
as well and will (i) control sample to sample variation of the
enrichment efficiency, and (ii) serve as internal standards for
sample-to-sample normalization and quantification by SRM
(Figures 1.3,4).
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1. Targeted proteomics experiment design

In Silico preparation: Selection of a proteotypic phosphorylated peptide
| Sequence analysis: Is peptide proteotypic, is peptide phosphorylated?

Literature

Database (PhosPhAt, P3DB) Available MS Spectral
Information for import in

Untargeted phosphoproteomics experiment.) Skyline, PinPoint...

L Preliminary Design of Mass Spectrometry experiment:

Selected peptide information inserted into targeted
proteomics software and initial selection of transitions

2. Experimental Optimization

Test pe[tide properties in a mass spectrometer

Optional:

— In vitro phosphorylation of
recombinant protein
Tests on plant extract

L Can the peptide be reliably identified in a complex mixture?

Obtain synthetic peptides
* Labelled with heavy amino acids
* Phosphorylated and non-phosphorylated form

3. Measurement

Control Treatment

Protein extraction + PPI

MS 1 - Control

A

Time

MS 2 - Control

relative intensity
relative intensity

Tryptic digestion

MS 1 - Treatment MS 2 - Treatment

A

Time

Addition of Synthetic peptides
(heavy labeled/ phosphorylated)

relative intensity
relative intensity

FIGURE 1 | General overview of the steps involved in the creation of a targeted proteomics experiment for monitoring phosphorylated peptides. The

experimental design starts with selection of a posttranslationally modified peptide, which needs to meet several criteria: to be proteotypic i.e., unique to a protein, and
digestible by a selected protease- usually trypsin. In silico fragmentation is performed and targeted transitions are inserted into specific software (1). The peptide
properties are verified on the MS platform available to the scientist under conditions relevant for the biological investigation. If confirmed, synthetic peptides can be
ordered to serve as internal standards for identification and quantitation (2). After performing the biological experiment, with large number of samples, protein extracts
are digested and synthetic peptides in phosphorylated and non-phosphorylated form are spiked in the mixture. Peptides are separated using liquid chromatography
and measured on mass spectrometer (3). Readers are asked to remember that quantitation is possible either in MS1 (e.g., Selected lon Monitoring), or using selected
fragments in MS2 (Selected/Multiple Reaction monitoring) (4). PPI- protease and phosphatase inhibitors, SRM- selected reaction monitoring, PRM-parallel reaction
monitoring. In (4) the colors refer to: control sample peptide (dark green), treated sample peptide (light green) and synthetic peptide (pink).
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With the appropriate adaptations to preserving the PTM, and
adaptation to the MS experimental design, a similar approach
could be possible for plant PTMs as already performed in other
species (Schilling et al., 2012; Lamoliatte et al., 2013; Tang et al.,
2014).

EXAMPLES OF TARGETED PROTEOMICS
IN THE ANALYSIS OF PHOSPHORYLATED
PEPTIDES

Since Glinski and Weckwerth (2005) first monitored a phospho-
peptide in a complex sample in vitro, the approach has
been successfully applied in a number of biological studies
(summarized in Table 1). For example, in a study analyzing cold
acclimation effects on the Arabidopsis vacuole, changes
in phosphorylation status of the tonoplast transporters
TMTI1, TMT2, and VGT, were linked to increased levels of
monosaccharides in the vacuole. Interestingly, the proteins
of interest did not change in absolute amount, pointing to
the importance in phosphorylation in regulation of transport
of carbon metabolites in the vacuole (Schulze et al., 2012).
The study is particularly interesting because it confirmed
similar response in barley, demonstrating transfer of knowledge
between species and the use of conserved phospho-peptides
(Nakagami et al, 2010). Another targeted study that used
the conserved peptide approach to comparatively monitor
phosphorylation in two species (Aldous et al., 2014), showed
that the diurnal phosphorylation levels of phosphoenol pyruvate
carboxylase (PEPC) from C3 and C4 Flaveria species were
linked to the day time and night time expressed isoforms of
the phosphoenol pyruvate carboxylase protein kinase (PPCK).
This, in combination with phylogenetic studies allowed the
authors to link kinase amount and activity to evolution of C4
photosynthesis.

Qiao et al. (2012) describes hormone perception and
signaling using targeted phosphoproteomics. It links ethylene
(a hormone linked to stress and development signaling) to the
phosphorylation dependent cleavage and intracellular movement
of a C-terminal peptide from the ethylene insensitive 2 protein
after a phosphorylation event. The quantification of EIN2
phosphopeptides was carried out using pseudo-MRM, using a
triple quadruple instrument (Qiao et al., 2012).

A protein-protein interaction study, describes how the
calcium dependent protein kinase-5 (CPK5) drives plant defense
mechanism, after reception of a pathogen-associated molecular
pattern stimulus. In addition, the action of CPK5 was coupled to
a Respiratory Burst Oxidase Homolog (RBOH) by using in vitro
and in vivo SRM, to identify RBOH as a phosphorylation target
of the CPK5 (Dubiella et al., 2013). Similarly, the interaction
of the Arabidopsis light harvesting complex II (LHCII) which
is phosphorylated by the STN7 kinase was described by Trotta
et al. (2016). The kinase itself is also subject to differential
phosphorylation on its Ser and Thr residues. The results showed
that phosphorylation on a Thr residue in the dark, low light, and
red light protects the kinase against degradation. Additionally,
phosphorylation on the Ser residue occurred only under low and

red light, and was linked to the phosphorylation of the LHCII, as
target of STN7. By testing multiple light treatments, the authors
found that the kinase had three activity states: deactivated in
darkness, activated in low and red light, and inhibited by high
light (Trotta et al., 2016).

Absolute quantification was demonstrated by Li et al. (2012),
by calculating the phospho-site occupancy of a phosphorylated
peptide of ERF110 (ethylene response factor 110) by measuring
both absolute amount of the whole ERF protein and the amount
of phosphorylated peptide around Ser 62 (Li et al., 2012; Yang and
Li, 2015). This is one step further from Trotta et al. (2016), and
Aldous et al. (2014), who expressed the phosphorylation data in
relation to the non-phosphorylated portion of the peptide in the
form of a simple ratio.

Time-related phosphorylation dynamic was investigated by
Van Ness et al. (2016) during the early time points of Medicago
symbiosis establishment. They profiled the period between 5 min
and 1h after bacterial Nod factors were applied to seedlings.
The authors used TiO; phosphopeptide enrichment before
SRM, and targeted 15 Medicago phospho-proteins. This resulted
in the identification of 5 early responding membrane bound
phosphoproteins: an SNF1-related kinase, a zinc finger protein,
a proton ATP-ase, and two proteins of unknown functions.
The authors report that TiO, enrichment increased relative
abundance of the phosphorylated peptide and decreased overall
sample complexity (Van Ness et al., 2016). Decreasing the sample
complexity was also used in the study of protein phosphatase 2A
(PP2A) and its interacting partner ACONITASE 3 (Konert et al.,
2015). Here, phospho-peptides were first separated by SDS page
before undergoing SRM, and the authors report that this process
greatly increased the method sensitivity.

The use of targeted proteomics to monitor phosphorylation
was also successfully applied to cyanobacteria, to study the
phosphorylated photosynthetic proteins in Synechocystis sp.
(Angeleri et al., 2016). In this example, the targeted approach
followed an initial discovery phosphoproteomic study from
which 44 phosphopeptides were targeted by SRM. The SRM
experimental design alone set the basis for further quantitative
studies of this cyanobacterium under various environmental
stresses.

POTENTIAL FOR THE USE OF TARGETED
PROTEOMICS IN THE ANALYSIS OF
OTHER PTMs

Multiple protein PTMs are reported in plants (Friso and van
Wijk, 2015; Canut et al., 2016), and their study poses challenges
inherent to the chemical nature and abundance of each PTM.
Targeted approaches are not yet widely used in the plant field,
even though plant acetylation, SUMOylation, and methylation
have been studied successfully using discovery proteomics (Deng
etal., 2010; Miller et al., 2010; Song and Walley, 2016; Meng et al.,
2018), and targeted proteomics on multiple protein PTMs has
been performed in other organisms outside the plant kingdom
(Schilling et al., 2012; Lamoliatte et al., 2013; Tang et al., 2014)
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TABLE 1 | Overview of studies using targeted proteomics for the analysis of plant protein PTMs.

Species Study characteristics Publication Instrument Quantified Proteins/ Modification Key words
class Peptides/Transitions
p-p
Arabidopsis .) Glinski and Weckwerth,  triple 6/16/2 Phosphorylation  In vitro phosphorylation,
2005 quadrupole absolute quantitation
Arabidopsis, Schulze et al., 2012 triple 3/6/minimum 3 Phosphorylation  Cold acclimation
Barley quadrupole
Arabidopsis Qiao et al., 2012 triple 1/6/1 Phosphorylation  Pseudo-MRM,
quadrupole phosphorylation dependent
cleavage and re-location
Arabidopsis P+ Lietal, 2012 Q-TOF 1/2/0 Phosphorylation  Absolute quantitation on
P- peptide level using
metabolic labeling
Arabidopsis p Dubiella et al., 2013 triple 1/6/minimum 3 Phosphorylation  Disese resitantce, immunity,
s, quadrupole ROS
Arabidopsis &\ Q Majovsky et al., 2014 LTQ- Orbitrap ~ 18/48/whole MS/MS N- End Rule PRM, degradomics
Is; )/ spectra degradation
Flaveria trinervia, F. _\f‘_’\/ I P+ Aldous et al., 2014 triple 1/2/3 Phosphorylation  C4 evolution
pringeli L P- quadrupole
Arabidopsis Konert et al., 2015 triple 3/3/3 Phosphorylation  ROS signaling, PP2A
quadrupole
Medicago Van Ness et al., 2016 QTRAP 16/16/3-5 Phosphorylation  Symbiotic signaling,
TiOo
Arabidopsis Trotta et al., 2016 triple 3/30/3-4 Phosphorylation  Light quality related
quadrupole phosphorylation, link to
protein degradation
Synechocystis sp. " Angeleri et al., 2016 triple 19/44/3-19 Phosphorylation  TiOp, focus on
quadrupole photosynthetic proteins.
Chlamydomonas (./‘ Werth et al., 2017 Triple TOF 1,055 Phosphorylation  Kinome and
}/ (Time Of phosphoproteins, phopsphoproteome SWATH
Flight) 2,250 discovery approach, TiOo
phosphopeptides

N
Unless noted otherwise studies use SRM as targeted proteomics technique; p.p, per peptide. V' Abiotic Stress, U Biotic Stress / interaction, : Protein - protein Interaction,

T sl
E <Y Pt
w8, Temporal Analysis, ol

Similarly, targeted proteomics approaches were established in
the human field for the analysis of ubiquitinated proteins (Biel
et al., 2004; Mollah et al., 2007), but are still not widely applied
in plants. Exceptionally, a parallel reaction monitoring (PRM)
approach to examine protein stability using mutants of the N-
end degradation rule (i.e., before the proteins are targeted by
Ubiquitin ligases) successfully quantified a number of targets
of this pathway in Arabidopsis thaliana (Majovsky et al., 2014).
This demonstrates the potential that targeted proteomics has
for the directed study of various PTMs in plant research, as
these approaches can be invaluable for physiological/biochemical
understanding of protein regulation.

(S
;'/
Interspecies transfer, P- Phosphorylation ratio / phospho-site occupancy, Method development.

CONCLUSIONS AND VIEW AHEAD

Protein phosphorylation has been predicted for more than
7800 Arabidopsis genes, and each of these PTMs can have an
impact on the functional status of the protein. The study of
phosphorylated proteins is challenging due to the labile nature
and low abundance of the modification. The use of targeted
proteomics allows sensitive monitoring on selected phospho-
sites, but through a large number of conditions. This is crucial
for functional characterization of the protein modification.
These measurements can often circumvent phospho-peptide
enrichment protocols and can be carried over between species.
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Plant phospho-peptide databases provide the public with
PTM data directly usable for targeted proteomics experiments.
Learning from targeted approaches from the non-plant field,
analysis of further PTMs are possible, but require further method
development in plants.

Increasing the number of reliably and quantitatively
monitored PTM peptides in a single study is also a challenge.
Recent advances in the human field have optimized standard
PRM protocols and precise quantitation of 600 peptides can
be performed (Gallien et al, 2015). An exceptional study
from the human field used more than 18,000 recombinant
proteins as internal standards for precise quantitation on a
genome-wide scale; demonstrating the full potential of targeted
proteomics (Matsumoto et al., 2017). One must consider that
development of similar platforms for the monitoring of PTMs
will be more complicated, as all these peptides would have
to be correctly modified in vitro. Notably, similar coverage

to Matsumoto et al. (2017) could also be achieved with the
Sequential Windowed Acquisition of All Theoretical Fragment
Ion Mass Spectra (SWATH MS) approach (Gillet et al., 2012),

REFERENCES

Aebersold, R., Bensimon, A., Collins, B. C., Ludwig, C., and Sabido, E.
(2016). Applications and developments in targeted proteomics: from SRM to
DIA/SWATH. Proteomics 16, 2065-2067. doi: 10.1002/pmic.201600203

Aldous, S. H., Weise, S. E., Sharkey, T. D., Waldera-Lupa, D. M., Stiihler, K.,
Mallmann, J., et al. (2014). Evolution of the phosphoenolpyruvate carboxylase
protein kinase family in C3 and C4 Flaveria spp. Plant Physiol. 165, 1076-1091.
doi: 10.1104/pp.114.240283

Angeleri, M., Muth-Pawlak, D., Aro, E. M., and Battchikova, N. (2016). Study of O-
phosphorylation sites in proteins involved in photosynthesis-related processes
in synechocystis sp. strain PCC 6803: application of the SRM approach. J.
Proteome Res. 15, 4638-4652. doi: 10.1021/acs.jproteome.6b00732

Arabidopsis Genome, I. (2000). Analysis of the genome sequence of the flowering
plant Arabidopsis thaliana. Nature 408, 796-815. doi: 10.1038/35048692

Arsova, B., and Schulze, W. X. (2012). Current status of the plant phosphorylation
site database PhosPhAt and its use as a resource for molecular plant physiology.
Front. Plant Sci. 3:132. doi: 10.3389/fpls.2012.00132

Biel, M., Wascholowski, V., and Giannis, A. (2004). A fatal affair: the
ubiquitinylation of proteins. Angew. Chem. Int. Ed Engl. 43, 6414-6416.
doi: 10.1002/anie.200462346

Bolger, M. E., Arsova, B., and Usadel, B. (2017). Plant genome and transcriptome
annotations: from misconceptions to simple solutions. Brief Bioinform. 19,
437-449. doi: 10.1093/bib/bbw135

Borras, E., and Sabido, E. (2017). What is targeted proteomics? A concise revision
of targeted acquisition and targeted data analysis in mass spectrometry.
Proteomics 17:1700180. doi: 10.1002/pmic.201700180

Bourmaud, A., Gallien, S., and Domon, B. (2016). Parallel reaction monitoring
using quadrupole-Orbitrap mass spectrometer: principle and applications.
Proteomics 16, 2146-2159. doi: 10.1002/pmic.201500543

Budde, R. J. A, and Chollet, R. (1986). Invitro Phosphorylation of maize
leaf phosphoenolpyruvate carboxylase. Plant Physiol. 82, 1107-1114.
doi: 10.1104/pp.82.4.1107

Burnett, G., and Kennedy, E. P. (1954). The enzymatic phosphorylation of
proteins. J. Biol. Chem. 211, 969-980.

Canut, H., Albenne, C., and Jamet, E. (2016). Post-translational modifications of
plant cell wall proteins and peptides: a survey from a proteomics point of view.
Biochim. Biophys. Acta 1864, 983-990. doi: 10.1016/j.bbapap.2016.02.022

Cheng, H., Deng, W., Wang, Y., Ren, J.,, Liu, Z, and Xue, Y. (2014). dbPPT:
a comprehensive database of protein phosphorylation in plants. Database
(Oxford) 2014:baul21. doi: 10.1093/database/baul21

examples of which use are emerging in green biology e.g., for
Chlamydomonas (Werth et al., 2017). We expect an increase of
these approaches in the near future facilitated by improvement
of data-analysis software, and bringing closer untargeted and
targeted proteomics. However, the major strengths: absolute
quantitation and high throughput possibilities must be kept to
allow the move from relative to absolute quantification.

AUTHOR CONTRIBUTIONS

BA conceived the idea, wrote the initial manuscript and made
the figure, MW revised the manuscript and contributed with
references, BU performed major revisions and contributed with
valuable discussions.

FUNDING

MW is funded by a Helmholtz Association International
Recruitment Initiative Grant. BA is funded by Helmholtz
Program Oriented Funding and F.R.S.-FNRS, Belgium.

de la Fuente van Bentem, S., Anrather, D., Roitinger, E., Djamei, A., Hufnag],
T., Barta, A., et al. (2006). Phosphoproteomics reveals extensive in vivo
phosphorylation of Arabidopsis proteins involved in RNA metabolism. Nucleic
Acids Res. 34, 3267-3278.

Deng, X., Gu, L, Liu, C, Lu, T, Lu, F, Lu, Z, et al. (2010). Arginine
methylation mediated by the Arabidopsis homolog of PRMTS5 is essential for
proper pre-mRNA splicing. Proc. Natl. Acad. Sci. U.S.A. 107, 19114-19119.
doi: 10.1073/pnas.1009669107

Dissmeyer, N., and Schnittger, A. (2011). Use of phospho-site substitutions
to analyze the biological relevance of phosphorylation events in regulatory
networks. Methods Mol. Biol. 779, 93-138. doi: 10.1007/978-1-61779-264-9_6

Doerr, A. (2012). Mass spectrometry-based targeted proteomics. Nat. Methods
10:23 doi: 10.1038/nmeth.2286

Dubiella, U., Seybold, H., Durian, G., Komander, E., Lassig, R., Witte, C. P., et al.
(2013). Calcium-dependent protein kinase/NADPH oxidase activation circuit
is required for rapid defense signal propagation. Proc. Natl. Acad. Sci. U.S.A.
110, 8744-8749. doi: 10.1073/pnas.1221294110

Durek, P., Schmidt, R., Heazlewood, J. L., Jones, A., MacLean, D., Nagel, A.,
etal. (2010). PhosPhAt: the Arabidopsis thaliana phosphorylation site database.
Nucleic Acids Res. 38, D828-D834 doi: 10.1093/nar/gkp810

Elschenbroich, S., and Kislinger, T. (2011). Targeted proteomics by selected
reaction monitoring mass spectrometry: applications to systems biology and
biomarker discovery. Mol. Biosyst. 7, 292-303. doi: 10.1039/COMB00159G

Engelsberger, W. R., and Schulze, W. X. (2012). Nitrate and ammonium lead
to distinct global dynamic phosphorylation patterns when resupplied
to nitrogen-starved Arabidopsis seedlings. Plant ]. 69, 978-995.
doi: 10.1111/j.1365-313X.2011.04848.x

Friso, G., and van Wijk, K. J. (2015). Posttranslational protein modifications in
plant metabolism. Plant Physiol. 169, 1469-1487. doi: 10.1104/pp.15.01378

Gallien, S., Kim, S. Y., and Domon, B. (2015). Large-scale targeted proteomics
using internal standard triggered-parallel reaction monitoring (IS-PRM). Mol.
Cell. Proteomics 14, 1630-1644. doi: 10.1074/mcp.0114.043968

Gao, J., Agrawal, G. K., Thelen, J. J., and Xu, D. (2009). P3DB: a plant
protein phosphorylation database. Nucleic Acids Res. 37, D960-D962.
doi: 10.1093/nar/gkn733

Gillet, L. C., Navarro, P., Tate, S., Rost, H., Selevsek, N., Reiter, L., et al. (2012).
Targeted data extraction of the MS/MS spectra generated by data independent
acquisition: a new concept for consistent and accurate proteome analysis. Mol.
Cell. Proteomics 11:0111.016717. doi: 10.1074/mcp.0111.016717

Glinski, M., and Weckwerth, W. (2005). Differential multisite phosphorylation
of the trehalose-6-phosphate synthase gene family in Arabidopsis

Frontiers in Plant Science | www.frontiersin.org

August 2018 | Volume 9 | Article 1168


https://doi.org/10.1002/pmic.201600203
https://doi.org/10.1104/pp.114.240283
https://doi.org/10.1021/acs.jproteome.6b00732
https://doi.org/10.1038/35048692
https://doi.org/10.3389/fpls.2012.00132
https://doi.org/10.1002/anie.200462346
https://doi.org/10.1093/bib/bbw135
https://doi.org/10.1002/pmic.201700180
https://doi.org/10.1002/pmic.201500543
https://doi.org/10.1104/pp.82.4.1107
https://doi.org/10.1016/j.bbapap.2016.02.022
https://doi.org/10.1093/database/bau121
https://doi.org/10.1073/pnas.1009669107
https://doi.org/10.1007/978-1-61779-264-9_6
https://doi.org/10.1038/nmeth.2286
https://doi.org/10.1073/pnas.1221294110
https://doi.org/10.1093/nar/gkp810
https://doi.org/10.1039/C0MB00159G
https://doi.org/10.1111/j.1365-313X.2011.04848.x
https://doi.org/10.1104/pp.15.01378
https://doi.org/10.1074/mcp.O114.043968
https://doi.org/10.1093/nar/gkn733
https://doi.org/10.1074/mcp.O111.016717
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Arsova et al.

SRM for Plant PTM

thaliana: a mass spectrometry-based process for multiparallel peptide
library phosphorylation analysis. Mol. Cell. Proteomics 4, 1614-1625.
doi: 10.1074/mcp.M500134-MCP200

Grimsrud, P. A., den Os, D., Wenger, C. D., Swaney, D. L., Schwartz, D., Sussman,
M. R, etal. (2010). Large-scale phosphoprotein analysis in Medicago truncatula
roots provides insight into in vivo kinase activity in legumes. Plant Physiol. 152,
19-28. doi: 10.1104/pp.109.149625

Heazlewood, J. L., Durek, P., Hummel, J., Selbig, J., Weckwerth, W., Walther,
D., et al. (2008). PhosPhAt: a database of phosphorylation sites in Arabidopsis
thaliana and a plant-specific phosphorylation site predictor. Nucleic Acids Res.
36, D1015-D1021. doi: 10.1093/nar/gkm812

Hoehenwarter, W., Thomas, M., Nukarinen, E., Egelhofer, V., Rohrig, H,,
Weckwerth, W., et al. (2013). Identification of novel in vivo MAP
kinase substrates in Arabidopsis thaliana through use of tandem metal

oxide affinity chromatography. Mol. Cell. Proteomics 12, 369-380.
doi: 10.1074/mcp.M112.020560
Huber, S. C., MacKintosh, C., and Kaiser, W. M. (2002). Metabolic

enzymes as targets for 14-3-3 proteins. Plant Mol. Biol. 50, 1053-1063.
doi: 10.1023/A:1021284002779

Johnson, H., Eyers, C. E., Eyers, P. A., Beynon, R. J., and Gaskell, S. J. (2009).
Rigorous determination of the stoichiometry of protein phosphorylation
using mass spectrometry. J. Am. Soc. Mass Spectrom. 20, 2211-2220.
doi: 10.1016/j.jasms.2009.08.009

Jones, A. M., Bennett, M. H., Mansfield, ]. W., and Grant, M. (2006). Analysis of
the defence phosphoproteome of Arabidopsis thaliana using differential mass
tagging. Proteomics 6, 4155-4165. doi: 10.1002/pmic.200500172

Keller, A., Bader, S. L., Kusebauch, U., Shteynberg, D., Hood, L., and Moritz,
R. L. (2016). Opening a SWATH window on posttranslational modifications:
automated pursuit of modified peptides. Mol. Cell. Proteomics 15, 1151-1163.
doi: 10.1074/mcp.M115.054478

Konert, G., Trotta, A., Kouvonen, P., Rahikainen, M., Durian, G., Blokhina, O.,
et al. (2015). Protein phosphatase 2A (PP2A) regulatory subunit B'gamma
interacts with cytoplasmic ACONITASE 3 and modulates the abundance of
AOXI1A and AOXI1D in Arabidopsis thaliana. New Phytol. 205, 1250-1263.
doi: 10.1111/nph.13097

Krouk, G., Crawford, N. M., Coruzzi, G. M., and Tsay, Y. F. (2010). Nitrate
signaling: adaptation to fluctuating environments. Curr. Opin. Plant Biol. 13,
266-273. doi: 10.1016/.pbi.2009.12.003

Lamoliatte, F., Bonneil, E., Durette, C., Caron-Lizotte, O., Wildemann, D.,
Zerweck, J., et al. (2013). Targeted identification of SUMOylation sites in
human proteins using affinity enrichment and paralog-specific reporter ions.
Mol. Cell. Proteomics 12, 2536-2550, doi: 10.1074/mcp.M112.025569

Lange, V., Picotti, P., Domon, B., and Aebersold, R. (2008). Selected reaction
monitoring for quantitative proteomics: a tutorial. Mol. Syst. Biol. 4:222,
doi: 10.1038/msb.2008.61

Lanquar, V., Loqué, D., Hormann, F., Yuan, L., Bohner, A., Engelsberger, W.
R, et al. (2009). Feedback inhibition of ammonium uptake by a phospho-
dependent allosteric mechanism in Arabidopsis. Plant Cell 21, 3610-3622,
doi: 10.1105/tpc.109.068593

Levene, P. A., and Alsberg, C. L. (1906). The cleavage products of vitellin. J. Biol.
Chem. 2:127-133

Li, Y., Shu, Y., Peng, C., Zhu, L., Guo, G., and Li, N. (2012). Absolute quantitation
of isoforms of post-translationally modified proteins in transgenic organism.
Mol. Cell. Proteomics 11, 272-285, doi: 10.1074/mcp.M111.016568

Lillo, C., Meyer, C., Lea, U. S., Provan, F., and Oltedal, S. (2004). Mechanism and
importance of post-translational regulation of nitrate reductase. J. Exp. Bot. 55,
1275-1282. doi: 10.1093/jxb/erh132

Liu, K. H., and Tsay, Y. F. (2003). Switching between the two action modes of
the dual-affinity nitrate transporter CHL1 by phosphorylation. EMBO ]. 22,
1005-1013. doi: 10.1093/emboj/cdgl18

MacLean, B., Tomazela, D. M., Shulman, N., Chambers, M., Finney, G. L.,
Frewen, B., et al. (2010). Skyline: an open source document editor for creating
and analyzing targeted proteomics experiments. Bioinformatics 26, 966-968.
doi: 10.1093/bioinformatics/btq054

Majovsky, P., Naumann, C., Lee, C. W., Lassowskat, L., Trujillo, M., Dissmeyer,
N., et al. (2014). Targeted proteomics analysis of protein degradation in
plant signaling on an LTQ-Orbitrap mass spectrometer. J Proteome Res. 13,
4246-4258. doi: 10.1021/pr500164;j

Matsumoto, M., Matsuzaki, F., Oshikawa, K., Goshima, N., Mori, M., Kawamura,
Y., et al. (2017). A large-scale targeted proteomics assay resource based on an
in vitro human proteome. Nat. Methods 14, 251-258. doi: 10.1038/nmeth.4116

Meng, X., Lv, Y., Mujahid, H., Edelmann, M. J., Zhao, H., Peng, X,, et al
(2018). Proteome-wide lysine acetylation identification in developing rice
(Oryza sativa) seeds and protein co-modification by acetylation, succinylation,
ubiquitination, and phosphorylation. Biochim. Biophys. Acta 1866, 451-463.
doi: 10.1016/j.bbapap.2017.12.001

Miller, M. J., Barrett-Wilt, G. A., Hua, Z., and Vierstra, R. D. (2010). Proteomic
analyses identify a diverse array of nuclear processes affected by small
ubiquitin-like modifier conjugation in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A.
107, 16512-16517. doi: 10.1073/pnas.1004181107

Mollah, S., Wertz, I. E.,, Phung, Q., Arnott, D., Dixit, V. M., and Lill, J.
R. (2007). Targeted mass spectrometric strategy for global mapping of
ubiquitination on proteins. Rapid Commun. Mass Spectrom. 21, 3357-3364.
doi: 10.1002/rcm.3227

Nakagami, H., Sugiyama, N., Mochida, K., Daudi, A., Yoshida, Y., Toyoda,
T., et al. (2010). Large-scale comparative phosphoproteomics identifies
conserved phosphorylation sites in plants. Plant Physiol. 153, 1161-1174.
doi: 10.1104/pp.110.157347

Niittyld, T., Fuglsang, A. T., Palmgren, M. G., Frommer, W. B., and Schulze, W.
X. (2007). Temporal analysis of sucrose-induced phosphorylation changes in
plasma membrane proteins of Arabidopsis. Mol. Cell. Proteomics 6, 1711-1726.
doi: 10.1074/mcp.M700164-MCP200

Niihse, T. S., Bottrill, A. R., Jones, A. M., and Peck, S. C. (2007). Quantitative
phosphoproteomic analysis of plasma membrane proteins reveals regulatory
mechanisms of plant innate immune responses. Plant J. 51, 931-940.
doi: 10.1111/§.1365-313X.2007.03192.x

Niithse, T. S., Stensballe, A., Jensen, O. N, and Peck, S. C. (2004).
Phosphoproteomics  of the Arabidopsis plasma membrane and
a new phosphorylation site database. Plant Cell 16, 2394-2405.
doi: 10.1105/tpc.104.023150

Nukarinen, E., Négele, T., Pedrotti, L., Wurzinger, B., Mair, A., Landgraf, R., et al.
(2016). Quantitative phosphoproteomics reveals the role of the AMPK plant
ortholog SnRK1 as a metabolic master regulator under energy deprivation. Sci.
Rep. 6:31697. doi: 10.1038/srep31697

O’Leary, B., Park, J., and Plaxton, W. C. (2011). The remarkable diversity
of plant PEPC (phosphoenolpyruvate carboxylase): recent insights into the
physiological functions and post-translational controls of non-photosynthetic
PEPCs. Biochem. ]. 436, 15-34. doi: 10.1042/BJ20110078

Osinalde, N., Aloria, K., Omaetxebarria, M. J., and Kratchmarova, I. (2017).
Targeted mass spectrometry: an emerging powerful approach to unblock the
bottleneck in phosphoproteomics. J. Chromatogr. B Analyt. Technol. Biomed.
Life Sci. 1055-1056, 29-38. doi: 10.1016/j.jchromb.2017.04.026

Payne, L. S., and Huang, P. H. (2017). “Targeted analysis of phosphotyrosine
signaling by multiple reaction monitoring mass spectrometry,” in Kinase
Signaling Networks, eds A. C. Tan and P. H. Huang (New York, NY: Springer),
263-281.

Pertl-Obermeyer, H., Trentmann, O., Duscha, K., Neuhaus, H. E., and Schulze,
W. X. (2016). Quantitation of vacuolar sugar transporter abundance
changes using QconCAT synthtetic peptides. Front. Plant Sci. 7:411.
doi: 10.3389/fpls.2016.00411

Peterson, A. C., Russell, J. D., Bailey, D. ], Westphall, M. S., and Coon,
J. J. (2012). Parallel reaction monitoring for high resolution and high
mass accuracy quantitative, targeted proteomics. Mol. Cell. Proteomics 11,
1475-1488. doi: 10.1074/mcp.0112.020131

Pi, E., Zhu, C., Fan, W., Huang, Y., Qu, L., Li, Y., et al. (2018). Quantitative
Phosphoproteomic and metabonomic analyses reveal GmMYB173 optimizes
flavonoid metabolism in soybean under salt stress. Mol. Cell. Proteomics 17,
1209-1224. doi: 10.1074/mcp.RA117.000417

Qiao, H., Shen, Z., Huang S-s, C., Schmitz, R. J., Urich, M. A., Briggs, S. P.,
etal. (2012). Processing and subcellular trafficking of ER-tethered EIN2 control
response to ethylene gas. Science 338, 390-393, doi: 10.1126/science.1225974

Ronsein, G. E., Pamir, N., von Haller, P. D., Kim, D. S., Oda, M. N,, Jarvik, G.
P., et al. (2015). Parallel reaction monitoring (PRM) and selected reaction
monitoring (SRM) exhibit comparable linearity, dynamic range and precision
for targeted quantitative HDL proteomics. J. Proteomics 113, 388-399,
doi: 10.1016/j.jprot.2014.10.017

Frontiers in Plant Science | www.frontiersin.org

August 2018 | Volume 9 | Article 1168


https://doi.org/10.1074/mcp.M500134-MCP200
https://doi.org/10.1104/pp.109.149625
https://doi.org/10.1093/nar/gkm812
https://doi.org/10.1074/mcp.M112.020560
https://doi.org/10.1023/A:1021284002779
https://doi.org/10.1016/j.jasms.2009.08.009
https://doi.org/10.1002/pmic.200500172
https://doi.org/10.1074/mcp.M115.054478
https://doi.org/10.1111/nph.13097
https://doi.org/10.1016/j.pbi.2009.12.003
https://doi.org/10.1074/mcp.M112.025569
https://doi.org/10.1038/msb.2008.61
https://doi.org/10.1105/tpc.109.068593
https://doi.org/10.1074/mcp.M111.016568
https://doi.org/10.1093/jxb/erh132
https://doi.org/10.1093/emboj/cdg118
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.1021/pr500164j
https://doi.org/10.1038/nmeth.4116
https://doi.org/10.1016/j.bbapap.2017.12.001
https://doi.org/10.1073/pnas.1004181107
https://doi.org/10.1002/rcm.3227
https://doi.org/10.1104/pp.110.157347
https://doi.org/10.1074/mcp.M700164-MCP200
https://doi.org/10.1111/j.1365-313X.2007.03192.x
https://doi.org/10.1105/tpc.104.023150
https://doi.org/10.1038/srep31697
https://doi.org/10.1042/BJ20110078
https://doi.org/10.1016/j.jchromb.2017.04.026
https://doi.org/10.3389/fpls.2016.00411
https://doi.org/10.1074/mcp.O112.020131
https://doi.org/10.1074/mcp.RA117.000417
https://doi.org/10.1126/science.1225974
https://doi.org/10.1016/j.jprot.2014.10.017
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Arsova et al.

SRM for Plant PTM

Schilling, B., Rardin, M. J., MacLean, B. X., Zawadzka, A. M., Frewen, B. E., Cusack,
M. P, et al. (2012). Platform-independent and label-free quantitation of
proteomic data using MS1 extracted ion chromatograms in skyline: application
to protein acetylation and phosphorylation. Mol. Cell. Proteomics 11, 202-214.
doi: 10.1074/mcp.M112.017707

Schulze, W. X. (2010). approaches to understand protein
phosphorylation in pathway modulation. Curr. Opin. Plant Biol. 13, 280-287.
doi: 10.1016/j.pbi.2009.12.008

Schulze, W. X., Schneider, T., Starck, S., Martinoia, E., and Trentmann, O. (2012).
Cold acclimation induces changes in Arabidopsis tonoplast protein abundance
and activity and alters phosphorylation of tonoplast monosaccharide
transporters. Plant J. 69, 529-541. doi: 10.1111/j.1365-313X.2011.04812.x

Schulze, W. X., and Usadel, B. (2010). Quantitation in
spectrometry-based proteomics. Annu. Rev. Plant Biol. 61, 491-516.
doi: 10.1146/annurev-arplant-042809-112132

Schulze, W. X, Yao, Q. and Xu, D. (2015). “Databases for plant
phosphoproteomics,” in Plant Phosphoproteomics: Methods and Protocols.
ed W. X. Schulze (New York, NY: Springer), 207-216.

Silva-Sanchez, C., Li, H., and Chen, S. (2015). Recent advances and
challenges in plant phosphoproteomics. Proteomics 15, 1127-1141.
doi: 10.1002/pmic.201400410

Song, G., Jia, M., Chen, K., Kong, X., Khattak, B., Xie, C., et al. (2016).
CRISPR/Cas9: a powerful tool for crop genome editing. Crop J. 4, 75-82.
doi: 10.1016/j.¢j.2015.12.002

Song, G., and Walley, ]. W. (2016). Dynamic protein acetylation in plant-pathogen
interactions. Front. Plant Sci. 7:421. doi: 10.3389/fpls.2016.00421

Tang, H., Fang, H. Yin, E, Brasier, A. R, Sowers, L. C., and Zhang,
K. (2014). Multiplexed parallel reaction monitoring targeting histone
modifications on the QExactive mass spectrometer. Anal. Chem. 86,
5526-5534. doi: 10.1021/ac500972x

Thingholm, T. E., Jensen, O. N., Robinson, P. J., and Larsen, M. R. (2008). SIMAC
(sequential elution from IMAC), a phosphoproteomics strategy for the rapid
separation of monophosphorylated from multiply phosphorylated peptides.
Mol. Cell. Proteomics 7, 661-671. doi: 10.1074/mcp.M700362-MCP200

Trotta, A., Suorsa, M., Rantala, M., Lundin, B., and Aro, E. M. (2016). Serine and
threonine residues of plant STN7 kinase are differentially phosphorylated upon
changing light conditions and specifically influence the activity and stability of
the kinase. Plant J. 87, 484-494. doi: 10.1111/tpj.13213

Van Ness, L. K., Jayaraman, D., Maeda, J., Barrett-Wilt, G. A., Sussman, M.
R, and Ané, J. M., (2016). Mass spectrometric-based selected reaction
monitoring of protein phosphorylation during symbiotic signaling
in the model legume, Medicago truncatula. PLoS ONE 11:€0155460.
doi: 10.1371/journal.pone.0155460

Werth, E. G., McConnell, E. W., Gilbert, T. S., Couso Lianez, L, Perez, C. A,,
Manley, C. K,, et al. (2017). Probing the global kinome and phosphoproteome

Proteomics

mass-

in Chlamydomonas reinhardtii via sequential enrichment and quantitative
proteomics. Plant J. 89, 416-426. doi: 10.1111/tpj.13384

Wolf-Yadlin, A., Hautaniemi, S., Lauffenburger, D. A., and White, F. M. (2007).
Multiple reaction monitoring for robust quantitative proteomic analysis of
cellular signaling networks. Proc. Natl. Acad. Sci. U.S.A. 104, 5860-5865.
doi: 10.1073/pnas.0608638104

Wu, X, Sklodowski, K., Encke, B., and Schulze, W. X. (2014). A kinase-
phosphatase signaling module with BSK8 and BSL2 involved in
regulation of sucrose-phosphate synthase. J. Proteome Res. 13, 3397-3409.
doi: 10.1021/pr5003164

Yang, Z., and Li, N. (2015). “Absolute quantitation of protein posttranslational
modification isoform,” in Plant Phosphoproteomics: Methods and Protocols, ed
W. X. Schulze (New York, NY: Springer) 105-119.

Yao, Q., Gao, J., Bollinger, C., Thelen, J. J., and Xu, D. (2012). Predicting and
analyzing protein phosphorylation sites in plants using musite. Front. Plant Sci.
3, 186. doi: 10.3389/fpls.2012.00186

Yao, Q., Ge, H.,, Wy, S., Zhang, N., Chen, W., Xu, C,, et al. (2014). P(3)DB 3.0:
From plant phosphorylation sites to protein networks. Nucleic Acids Res. 42,
D1206-D1213. doi: 10.1093/nar/gkt1135

Zhang, F., Wang, L, Lim, J. Y., Kim, T.,, Pyo, Y., Sung, S., et al. (2016).
Phosphorylation of CBP20 links microRNA to root growth in the ethylene
response. PLoS Genet. 12:¢1006437. doi: 10.1371/journal.pgen.1006437

Zhang, H., Zhou, H., Berke, L., Heck, A. J., Mohammed, S., Scheres, B., et al. (2013).
Quantitative phosphoproteomics after auxin-stimulated lateral root induction
identifies an SNX1 protein phosphorylation site required for growth. Mol. Cell.
Proteomics 12, 1158-1169. doi: 10.1074/mcp.M112.021220

Zulawski, M., Braginets, R., and Schulze, W. X. (2013). PhosPhAt goes
kinases—searchable ~protein kinase target information in the plant
phosphorylation site database PhosPhAt. Nucleic Acids Res. 41, D1176-D1184.
doi: 10.1093/nar/gks1081

Zulawski, M., Schulze, G., Braginets, R, Hartmann, S., and Schulze, W. X.
(2014). The Arabidopsis Kinome: phylogeny and evolutionary insights into
functional diversification. BMC Genomics 15:548. doi: 10.1186/1471-2164-
15-548

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Arsova, Watt and Usadel. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

August 2018 | Volume 9 | Article 1168


https://doi.org/10.1074/mcp.M112.017707
https://doi.org/10.1016/j.pbi.2009.12.008
https://doi.org/10.1111/j.1365-313X.2011.04812.x
https://doi.org/10.1146/annurev-arplant-042809-112132
https://doi.org/10.1002/pmic.201400410
https://doi.org/10.1016/j.cj.2015.12.002
https://doi.org/10.3389/fpls.2016.00421
https://doi.org/10.1021/ac500972x
https://doi.org/10.1074/mcp.M700362-MCP200
https://doi.org/10.1111/tpj.13213
https://doi.org/10.1371/journal.pone.0155460
https://doi.org/10.1111/tpj.13384
https://doi.org/10.1073/pnas.0608638104
https://doi.org/10.1021/pr5003164
https://doi.org/10.3389/fpls.2012.00186
https://doi.org/10.1093/nar/gkt1135
https://doi.org/10.1371/journal.pgen.1006437
https://doi.org/10.1074/mcp.M112.021220
https://doi.org/10.1093/nar/gks1081
https://doi.org/10.1186/1471-2164-15-548
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Monitoring of Plant Protein Post-translational Modifications Using Targeted Proteomics
	Phosphorylation: Importance in Regulation of Plant Processes and Most Common Techniques for Mass-Spectrometric Analysis
	Overview of Targeted Proteomics and Considerations for Study of Phosphopeptides
	Design of SRM Experiments for Targeting Protein Phosphorylation
	Examples of Targeted Proteomics in the Analysis of Phosphorylated Peptides
	Potential for the Use of Targeted Proteomics in the Analysis of Other PTMs
	Conclusions and View Ahead
	Author Contributions
	Funding
	References


