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Zusammenfassung:

Reversible Proteinphosphorylierung ist fiir viele Mechanismen des Lebens von
zentraler Bedeutung. Die geringe Abundanz von Phosphoproteinen erschwert jedoch deren
Analyse. Um dieses Problem zu umgehen wurde eine neue Methode fiir die Anreicherung von
Phosphoproteinen aus komplexen Proteinmischungen entwickelt. Sie basiert auf der Affinitit
der Phosphatgruppe zu Aluminiumhydroxid und wurde MOAC genannt (Metal Oxide
Affinity Chromatography). Die erfolgreiche Anreicherung von Phosphoproteinen aus
hochkomplexen Proteinmischungen wurde durch die Trennung von phosphorylierten und
nichtphosphorylierten Standardproteinen, die Detektion mittels eines phosphatspezifischen
Fluoreszenzfarbstoffes, ICP-MS (Inductively Coupled Plasma — Mass Spectrometry) und die
Verwendung von Antikdrpern bestétigt.

Um Phosphopeptide und Proteinphosphorylierungsstellen zu identifizieren, wurden
Proteine mit einer Endoproteinase verdaut und per LC/MS" analysiert. Die Bestimmung von
Proteinphosphorylierungsstellen wurde durch die Verwendung des charakteristischen
Neutralverlustes von Phosphorsédure, wie er wihrend der Fragmentierung in einer Ionenfalle
bei Peptiden die an Serin- oder Threoninresten phosphoryliert sind, erreicht. Es wurde
allerdings beobachtet, dass andere posttranslationale Modifikationen wie Methioninoxidation
eine Phosphorylierung wéhrend solcher Analysen imitieren konnen. Daher wurden Kriterien
definiert um bei diesem Problem Abhilfe zu schaffen und zu einer verldsslicheren
Bestimmung von Phosphorylierungsstellen zu gelangen.

Die Kombination von MOAC und des Neutralverlust-abhéngigen Ansatzes erwies sich
als sehr niitzlich fiir die Untersuchung der Proteinphosphorylierung bei Pflanzen. In einer der
ersten ungerichteten Analysen im Berich Pflanzenproteomics wurde dieser kombinierte
Ansatz verwendet um Phosphoproteine von A. thaliana und C. reinhardtii anzureichern und
tiber 40 Phosphopeptide, 27 Phosphorylierungsstellen und iiber 30 Phosphoproteinen zu
identifizieren. Zusétzlich wurden iiber 300 putative Phosphoproteine identifiziert. In einer
zielgerichteten Analyse wurde die spekulative in vivo Phosphorylierungsstelle des
metabolischen Schliisselenzyms Phosphoenolpyruvatcarboxylase in A. thaliana bestétigt.

Wihrend die Detektion der Phosphorylierung und die Bestimmung von
Phosphorylierungsstellen sehr wichtig ist um einen ersten Eindruck davon zu erlangen, ob ein
Protein durch Phosphorylierung beeinflusst werden kann, liefert die Quantifizierung der
Phosphorylierung detailliertere Informationen iiber Proteinregulation durch Phosphorylierung.
Unter Verwendung der ICP-MS war es moglich den Phosphorylierungsgrad des gesamten
Proteoms fiir verschiedene Entwicklungsstadien von A. thaliana zu ermitteln. Diese Werte
wurden mit dem Phosphorylierungsgrad von C. reinhardtii verglichen. Die Daten zeigen, dass
Proteinphosphorylierung am hiufigsten in sich schnell teilendem Gewebe und am wenigsten
héufig in ruhenden Samen vorkommt.

Um die Phosphorylierung von metabolischen  Schliisselenzymen unter
unterschiedlichen physiologischen Bedingungen zu untersuchen, wurde eine robuste Methode
auf einer linearen Ionenfalle entwickelt, die der relativen Quantifizierung von Anderungen in
der Proteinphosphorylierung, inklusive der Phosphorylierungsstdchiometrie dient. Diese
Methode wurde verwendet um einen spekulativen Zusammenhang zwischen der Temperatur
und der Phosphorylierung der Sucrose-phosphatsynthase (SPS) in vitro zu untersuchen. Die
Resultate deuten darauf hin, dass die Temperatur einen ausgeprigten Effekt auf die SPS
Kinase und damit die Phosphorylierung der SPS hat.



Summary:

Reversible protein phosphorylation is of key importance for several mechanisms of
life. However, the low abundance of phosphorylated proteins hinders investigations following
this direction. To circumvent this problem a new method for the enrichment of
phosphorylated proteins out of complex protein mixtures was developed. This method relies
on the affinity of the phosphate group towards aluminum hydroxide and was termed MOAC
(Metal Oxide Affinity Chromatography). Successful phosphoprotein enrichment even from
highly complex protein mixtures was confirmed by separation of phosphorylated from non-
phosphorylated standard proteins, detection using a phosphate-specific fluorescent stain, ICP-
MS (Inductively Coupled Plasma — Mass Spectrometry), and antibodies.

To identify phosphopeptides and protein phosphorylation sites proteins were digested
with an endoproteinase and subjected to LC/MS" analysis. The determination of protein
phosphorylation sites was achieved by making use of the distinct neutral loss of phosphoric
acid from peptides phosphorylated on serine or threonine during fragmentation in an ion trap
mass spectrometer. However, it was observed that also other posttranslational modifications
such as methionine oxidation can mimic phosphorylation when using such data-dependent
neutral loss scans. Remedies were defined to circumvent this problem leading to more reliable
phosphorylation site identification.

The combination of MOAC and a neutral loss driven MS® approach showed to be
highly useful for investigations on plant protein phosphorylation. In one of the first non-
targeted phosphoproteomics approaches in plant science this combined approach was applied
to enrich phosphoproteins of A. thaliana and of C. reinhardtii leading to the identification of
over 40 phosphopeptides, 27 phosphorylation sites, and over 30 phosphoproteins. In addition,
over 300 putative phosphoproteins were identified. In a targeted analysis the speculative in
vivo phosphorylation site of the metabolic key enzyme phosphoenolpyruvate carboxylase in
A. thaliana could be confirmed.

While the detection of phosphorylation and the determination of phosphorylation sites
are very important to get a first impression whether or not a protein can be influenced by
phosphorylation, quantification of phosphorylation delivers more detailed information on
protein regulation by phosphorylation. Using an approach involving ICP-MS it was possible
to monitor the overall protein phosphorylation degree for different developmental stages of A.
thaliana. These values were compared to the degree of phosphorylation of proteins in C.
reinhardtii. This comparison shows that protein phosphorylation is most abundant in rapidly
dividing tissue and lowest in dormant seeds.

To monitor phosphorylation of key metabolic enzymes under different physiological
conditions, a robust method for relative quantification of changes in protein phosphorylation
on a linear ion trap was also developed. It was used to investigate a speculative connection
between temperature and phosphorylation of sucrose-phosphate synthase (SPS) and to
determine the stoichiometry of phosphorylation for the in vitro phosphorylated enzyme. The
results indicate that temperature has a profound effect on the phosphorylation level of SPS by
influencing the activity or abundance of the kinase responsible for SPS phosphorylation.

VI



Chapter I: Introduction

I.1. Arabidopsis thaliana and Chlamydomonas reinhardtii —

two model organisms of the green plant kingdom

A. thaliana and C. reinhardtii are two major model organisms that can be used to
investigate different aspects of the green plant kingdom. While A. thaliana is multicellular,
obligate photoautotroph, immotile, and diploid; C. reinhardtii is unicellular, can grow either
photoautotrophically, mixotrophically, or heterotrophically, it is motile, and haploid [1]. Both
organisms do not have direct economic impact but A. thaliana is a close relative of crop plants
like rapeseed and cabbage and can thus serve as a general model of agronomic importance.
The genome sequence of A. thaliana published in 2000 was the first plant genome to be
sequenced [2] and this achievement has been greatly facilitated modern plant research ever
since. No publication on the genome sequence of C. reinhardtii is available but the
sequencing project is almost completed and drafts of this sequence can be used for research

purposes.

The genome sizes of both organisms are comparable with about 100 Mb for C.
reinhardtii [3] and about 125 Mb for A. thaliana 2], which is quite small considering that
other plants reach 1000 Mb and more [4]. This small size facilitated genome sequencing and
was one of the reasons for choosing these organisms for research. In addition, both organisms
can be grown easily in large numbers, and genetic tools are available to manipulate both

members of this dynamic duo making them ideal candidates for basic research.

Compared to A. thaliana, research on the proteome of C. reinhardtii is clearly
underrepresented. This is mainly because of a bigger research community working with A.
thaliana and because of the comparably well annotated A. thaliana genome. However,
investigating aspects of the proteomes or subproteomes like the phosphoproteome (the
complement of phosphorylated proteins) of these two organisms holds the promise of getting
a deeper insight into the differences and similarities between these two members of the green

plant kingdom.

There are many varieties of C. reinhardtii and A. thaliana, which are used for research
purposes. Of those, C. reinhardtii strain cc125, which constitutes one of the standard strains,
and A. thaliana ecotype Columbia, which was the one used for the genome sequencing

project, were used in this work.
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I.2. Plant proteomics or the modern version of plant

protein biochemistry

The word protein was originally introduced by the Swedish chemist Berzelius who
derived it from the Greek word protas (of primary importance) [5] and was quickly adopted
by biochemical researchers working on these important biomolecules. The research area of
proteomics is in principle the modern version of classical protein biochemistry. However, it
usually deals with a larger number of proteins and employs methods compatible with large
scale analysis like mass spectrometry and several forms of separation techniques. The term
was coined in 1994 by Marc Wilkins who defined proteomics as "the study of proteins, how
they're modified, when and where they're expressed, how they're involved in metabolic
pathways and how they interact with one another." It is generally acknowledged today that
large scale protein analysis can complement traditional biochemical studies like enzymatic
essays and add valuable information about the organism under investigation (e.g. [6]).
Proteomics can be regarded as the successor of genomics, the study of the genome, and the
predecessor of metabolomics, the study of the metabolome. Taken together, these disciplines
form parts of systems biology, an area of research which tries to gather as much information

as possible about any organism and its interactions with the environment.
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Fig. 1: The number of publications returned from the NCBI server when searching

Jor “plant proteomics”.
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The interest in plant proteomics has been growing remarkably over the past years. A
database search at the NCBI (national center for biotechnology information) with the term

plant proteomics returned a single publication in 1999 and 254 in 2005 (figure 1).

There are several reasons why the study of the proteome is important. Proteins are
involved in diverse processes including stability, energy conversion, reproduction, and
communication, just to name a few and constitute the central part of metabolism. They are the
mediators between RNA and metabolites and altering the level and/or activation state of
proteins has a direct impact on metabolism, development, and signal transduction of the
organism. The number of transcripts is only a very rough estimate of the protein amount
present in a cell or organism since more than one protein can be made from one transcript and
transcripts do not necessarily lead to the production of proteins. Thus, measuring proteins and
their modifications is a far more accurate method when trying to get a deeper understanding

of metabolism and its regulation.

I.2.1. The impact of mass spectrometry on protein research

The introduction of mass spectrometry into protein research in the late 1980s was the
initial boost for proteomics. However, it was not until the 1990s that this technique became
available to the broader range of researchers necessary to define it as a major application in
protein biochemistry [7]. Most applications nowadays rely on either ESI (electrospray
ionisation) or MALDI (matrix assisted laser desorption) as ionisation techniques (see figure
2). For biochemical research these ionisation methods are most often coupled to a TOF (time
of flight) analyser or an ion trap. A breakthrough for the application of ESI in protein research
was made by Fenn and colleagues who presented the identification of proteins and
polypeptides by using ESI in 1988 [8]. For their important contributions to the analysis of
biomolecules by mass spectrometry Fenn and Tanaka were awarded with the nobel prize for
chemistry in 2002. In ion trap mass spectrometers analytes enter the ion transfer tube and are
accelerated and focussed using quadrupoles, octopoles (assemblies of four or eight metal rods
with alternating voltage), and lenses. They are then introduced into the trap. In the trap a
collision gas (usually helium) is responsible for trapping of the molecular ions. In addition,

this gas is employed as reagent gas for collision-induced reagent experiments.
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Fig. 2: The two prominent ionisation techniques in biological mass spectrometry:

ESI and MALDIL. See [9] for a comprehensive review on the ESI process.

Major contributions to the development of MALDI and its application to the
identification of peptides and proteins came from Karas, Hillenkamp, and Tanaka in the
1980s. This technique is most commonly used in combination with a time of flight analyser
(TOF analyser). In a TOF analyser molecular ions are separated according to their size with
the smaller molecular ions reaching the detector later. When the analyser is equipped with a
reflector, ions can be fragmented using a technique called PSD (post-source decay). The TOF
analyser has a high mass accuracy but unlike an ion trap can not be used to perform several

consecutive fragmentation steps.

There are two main approaches to the identification of proteins: the “Top-down” and
the “Bottom-up” approach [10-12]. The “Top-down” approach involves the investigation of
intact proteins or huge (larger than 10 kDa) peptides. It can, because of the complexity of
protein structure, only be performed using high resolution instruments like the Fourier
transform ion-cyclotron mass spectrometer or an Orbitrap. Since these instruments measure
protein masses with very high accuracy they can also be used to identify protein
modifications. This is done by comparing the obtained mass data to the expected primary

sequence of the protein. However, for an accurate measurement of proteins from a complex
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mixture it is necessary to perform protein separation in advance. The high initial costs and the
excessive maintenance still prevent the widespread use of these instruments despite their

impressive performance.

More widespread is the “bottom-up” approach for which proteins are first degraded to
small peptides using an endoprotease like trypsin. Those peptides are then separated by HPLC
(high performance liquid chromatography) and analysed in a mass spectrometer, e.g. an ion
trap or a MALDI-TOF. The online coupling of peptide separation by liquid chromatography
to mass spectrometry is often referred to as LC-MS". The first stage or MS records the
molecular ion without fragmentation whereas all further stages rely on the fragmentation of
the entire molecule (MS?) or of molecule fragments (all remaining stages). Subsequently,
protein sequences are deduced from identified peptides matching to the proteins primary
sequence. The bottom-up approach has the advantages that peptides can easily be separated
in-line with the mass spectrometer and that it can be performed with more affordable

instruments.

The identification of peptides can be performed in three ways: either complete de novo
sequencing, database searching, or partial de novo sequencing followed by database
searching. While initial experiments were still laborious and relied on manual de novo
sequencing, during which the peptide sequence was deduced from peptide fragment masses
by hand, nowadays the information of sequenced genomes and sophisticated database search
algorithms are increasingly used to speed up the identification process [13-16]. For protein
identification by automated database searches, mass spectra are matched against a database
that stores protein or gene sequences of the organism under investigation [17]. Both

approaches have their merits and drawbacks.

Due to the rather low mass accuracy and low resolution, de novo sequencing can not
easily be performed with mass spectra generated by ion traps, which are the traditional
“workhorse” mass spectrometers in proteomics. Additionally, this technique, when not
performed on an instrument with high mass accuracy, fails to be able to distinguish between
amino acids like lysine and glutamine and between specific amino acid combinations. On the
other hand, database searching is not a stringent identification method, but rather a homology
search. If the sequence to be searched is not in the database (because of a posttranslational
modification, a splice variant, a mutation, or some error that occurred during the sequencing

process) no correct match will be obtained.

The first experiments in plant proteomics aimed at identifying as many proteins as
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possible in one sample. However, recent studies focus increasingly on the characterisation of

protein modifications and on a combination of identification and quantification.

1.2.2. Quantitative proteomics

Quantitative proteomics tries to quantify as many proteins in a sample as possible. It is
used to differentiate between healthy or wild type and disease, treated, or mutant forms of an
organism. The approaches used for quantitative proteomics may be divided into in vivo and
in vitro labelling approaches, stable isotope dilution techniques and label free approaches.
However, they all involve two-dimensional gel electrophoresis and/or mass spectrometry to
reveal the quantitative differences between samples. For the mass spectrometry based
approaches proteins are usually digested with a protease and the resulting peptides are

separated via affinity chromatography.

Quantification can then be achieved by integration of peptide ion peaks or by simply
counting the sum of all spectra of different peptide ions and of their repetitive measurements
belonging to the same protein (spectrum count). Traditionally the laborious peak integration is
used, however, the easier to perform spectral count emerges as a good alternative [18, 19].
Since many of the methods available for protein quantification have not been applied to plants

most of the examples discussed below deal with their application on non-plant organisms.

In vivo labelling approaches

These approaches rely on metabolic labelling of proteins. Radioactive or stable isotope
versions of naturally occurring metabolites are introduced into an organism e.g. by feeding it
with S methionine [20], °N containing compounds [21] or with deuterated or B¢ labelled
amino acids (stable isotope labelling by amino acids in cell cultures; SILAC [22, 23]).
Proteins of the sample of interest are mixed with the control sample. Quantification can be
achieved by 2d gel electrophoresis and imaging in the case radioactive labelling was
employed but is most often performed by digesting the proteins followed by mass
spectrometry based peptide analysis. The peptides of the marked sample exhibit a mass shift
compared to the control sample making it feasible to easily identify corresponding peptide
pairs with mass spectrometry. Usually, peptide ion peaks are then integrated and ratios for

every peptide pair are determined.

In vitro labelling approaches
In contrast to the in vivo approaches proteins are derivatised after extraction. There is a

large amount of different gel-free in vitro approaches. Some of them rely on the labelling of
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proteins (e.g. ICAT [24], ICPL [25], or the two dimensional gel based DIGE [26, 27]) while
others introduce the label on the peptide level (e.g. 80 labelling [28] or iTRAQ [29]) . In
general, labelling on the protein level is preferable since the samples can then be mixed at an
earlier stage compared to peptide labelling and thus error sources resulting from different
sample treatment can be minimised. However, after labelling and sample mixture, the

downstream process is in principle the same as in the in vivo approach.

Stable isotope dilution techniques

In contrast to the approaches discussed so far, the approach relying on stable isotope
marked standard peptides does not require the sample itself to be modified. Instead, peptides
of the protein(s) of interest are synthesized as 18O, deuterated, or 13C marked versions of the
natural peptides and spiked into the sample (e.g. [30]). The comparison of the spiked peptide
to the naturally occurring version following mass spectrometry based analysis delivers the
quantitative information. Since known concentrations are spiked absolute quantification is

feasible with this approach.

Label-free approaches

A cost effective and comparably simple alternative to the above mentioned methods
are label-free approaches. These rely on repetitive measurements of the samples of interest
without the introduction of any label. Differences in samples can be visualised either using 2d
electrophoresis and/or by mass spectrometry. In mass spectrometry based methods standards
may be added to the sample to correct for run-to-run inconsistencies like retention time shifts.
Alternatively, endogenous peptides that do not change in abundance from sample to sample
can be used for standardisation. Peptide peaks or spectrum counts are compared between
samples and the repetitive measurements deliver average values with acceptable standard
deviations [31-35]. A variant of such an approach can be applied to quantify protein
modifications e.g. phosphorylation. It makes use of unmodified peptides derived from the
protein of interest for standardisation and served to determine the degree of phosphorylation
for sucrose-phosphate synthase incubated in vitro with different plant extracts (discussed in

detail in chapter IV).

I1.2.3. Targeted and non-targeted approaches
With the availability of broad scale methodologies two different kinds of approaches
became feasible: the hypothesis-driven or targeted approach and the non-targeted approach.

The hypothesis-driven approach focuses on a well defined target and is usually restricted to a



Introduction

small number of analytes. For example a hypothesis is made under which circumstances a
certain protein is phosphorylated. This hypothesis is then tested and confirmed or discarded.
Contrarily, for the non-targeted approach no clear target is defined and the number of analytes
is usually higher than in the non-targeted approach. The aim of such an approach would be for

example to identify all phosphorylation sites in a given sample.

Both approaches have their advantages and pitfalls. The hypothesis-driven approach
seeks to gather additional information about a specific set of proteins and is therefore lacking
the possibility to identify new and completely unexpected members of the system under
investigation. On the other hand it is an approach that focuses on a well defined question and
thus has the capacity for gaining important detailed information on this very issue. The non-
targeted approaches often lack important background information and thus the results may be
difficult to interpret. However, it can reveal unexpected coherences and interactions, which

may provide the basis for hypothesis-driven approaches [36].

This means that both approaches need to be combined to learn most about a specific
biological question. The non-targeted approach delivers the raw data and the hypothesis-
driven approaches provide the fine tuning. I found both approaches very useful in gaining
insight into the different aspects of phosphorylation and its regulation. While the major focus
of my work relied on a non-targeted approach to gain insight into the phosphoproteome of
A.thaliana and C.reinhardtii, 1 chose a hypothesis-driven approach to investigate particular
phosphorylation events of established biological importance, such as the phosphorylation of

phosphoenolpyruvate carboxylase and of sucrose-phosphate synthase in A. thaliana.
I.3. Post-translational protein modifications in plants

The term 'protein post-translational modification' describes the covalent attachment of
chemical groups to a protein or protein processing by cleavage. These modifications increase
the diversity of proteins tremendously and contribute to the complexity of proteomics. There
are over 300 types of modifications known [37]. However, only some of them have been
reported to play crucial roles for protein function in general [38] and especially in plants
[39]. Ubiquitination (the addition of ubiquitin) is traditionally associated with targeting a
protein for degradation. Recent findings, however, suggest a more widespread role of this
modification including the response to abiotic and biotic stress [40, 41]. The addition of GPI
(glycosylphosphatidylinositol) anchors is responsible for anchoring proteins in the cellular

membrane and may play a role in various processes including cell signalling and recognition
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[42, 43]. Recently, protein S-nitrosylation was reported for A. thaliana after NO treatment
suggesting that this protein modification functions in plants in analogy to the animal system
where it forms part of a NO signalling pathway [44]. Also, protein thiolation occurs in plants.
It is increased under oxidizing conditions and seems to be involved in stress responses [45].
Protein acetylation and methylation were shown to influence the activity of plant histones

[46] and methylation plays a role in the assembly of rubisco [47].

The examples discussed so far show that a variety of cellular functions rely on protein
modifications. However, of all known posttranslational protein modifications phosphorylation
is the most extensively studied one. It influences all layers of cellular organisation and

regulation and is the main research topic of this thesis.

1.3.1. Protein phosphorylation

Since the breakthrough discoveries of reversible protein phosphorylation performed by
kinases and phosphatases (Edmond H. Fischer and Edwin G. Krebs 1992 Nobel Prize in
physiology or medicine [48]), research on protein phosphorylation in general and on the
dynamic interplay between kinases and phosphatases has been gaining more and more
interest. It has extended from initial studies describing single
phosphorylation/dephosphorylation events to the complex regulations involving multisite

phosphorylation in signalling cascades, which are accepted as major regulatory principle of

life.
ATP SABE Fig. 3: Dynamic interplay between
m kinases and phosphatases on hydroxyl groups
/ kinase \ in reversible protein phosphorylation.
Protein OH OPO> In earlier years research was restricted
to only a few model systems since the methods
brotein for broader scale analysis were lacking.
phosphatase However, because of the importance of protein
HPO,> H,0 phosphorylation new methods for the analysis

of this remarkable modification have been developed continuously. With the ability to enrich
and sensitively detect and quantify phosphorylated proteins and peptides, as well as to
pinpoint phosphorylation sites using mass spectrometry, the methods for a more thorough
investigation of protein phosphorylation and their dynamics in general are now available.

Many vital processes like cell trafficking, cell signalling, cell cycle control, enzyme
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activation/deactivation, cation binding, degradation, apoptosis/defence, and others were found
to be directly connected to protein phosphorylation [49, 50]. It can occur on several different
amino acids including the well studied serine, threonine, tyrosine, histidine, and aspartic acid
phosphorylation. Phosphorylation of the hydroyamino acids serine, threonine, and tyrosine
occurs via the hydroxyl groups and the resulting amino acids are reffered to as O-phosphates
or O-phosphomonoesters. Histidine phosphorylation leads to the formation of N-phosphates
or phosphoramidates and is predominantely found in signal transduction systems of bacteria
but also of eukaryotes [51]. These systems often rely on a histidine / aspartic acid
phosphorylation relay that includes the transfer of the phosphate group from histidine to
aspartic acid under the formation of acylphosphate. Little is known about phosphorylations
located on lysine and arginine (N-phosphate), glutamic acid (acylphosphate), and cysteine (S-
phosphate or S-phosphothioester) [52-54]. In eukaryotes phosphoserine, -threonine, and -
tyrosine are estimated to occur at a relative abundance of ~90 % to ~10 % to ~0.05 %,
respectively [55] and phosphohistidine was proposed to be 10 to 100-fold more abundant than
phosphotyrosine [54, 56]. However, detailed information about the relative abundance of the
different kinds of protein phosphorylations is difficult to obtain due to the chemical
characteristics of these compounds. Some of these phosphoaminoacids like phosphohistidine
and phospholysine are acid-labile but stable under basic conditions while for others like
phosphoserine and threonine the contrary is true. Acylphosphates are generally highly

reactive and labile in most forms of extreme conditions like acid or alkali [53].

Compared to single site phosphorylation, multisite phosphorylation enables the cell to
develop and maintain complex regulatory pathways contributing to the different levels of
hierarchal organisation. Most of the work has so far focused on mammals and bacteria and
investigation of protein phosphorylation in plants has been considerably less thorough.
Nevertheless, the examples described below cover a wide range of biological processes
involving protein phosphorylation emphasizing the importance of this posttranslational

modification also in plant biology.
Signalling/protein-protein interaction:

Phosphorylation has been observed in a wide variety of plant proteins and is described
to play a role in different aspects of protein regulation. An important process, which depends
on phosphorylation in plants, is phytochrome signalling. Phytochromes are proteins mediating
biochemical processes in response to light. They are produced in an inactivated form and are

activated upon light adsorption followed by a conformational change. Signals are then
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transduced either indirectly or directly by binding of the activated phytochrome to
transcriptional activators. Three phosphorylation sites have been identified on phytochrome
using different methods including radioactive labelling, Edman degradation, mutation analysis
and mass spectrometry [57-60]. Phosphorylation of the activated form is described to
attenuate light signalling processes while dephosphorylation leads to enhanced
photoresponsiveness [61]. Phosphorylation is reported to inhibit protein-protein interactions
between phytochrome and its putative transducer proteins NDPK2 (nucleoside diphosphate
kinase 2 ) and PIF3 (a basic transcription factor) [62] thereby interrupting the signal

transduction process.

Other signal transduction processes are also directly linked to phosphorylation.
Brassinosteroids, which regulate plant growth and development, are reported to lead to
multiple phosphorylations of Brassinosteroid-insensitivel (BRI1) and BRI-associated receptor
kinasel (BAKI1) as was suggested by IMAC coupled to LC/MS/MS and partly supported by
mutation analysis [63]. Phosphorylation of these proteins seems to be important for their
kinase activity and might be linked to heterodimerization.

Symbiosis:

A special case of signal transduction is the one involved in interspecies contact. The
establishment of symbiosis with nitrogen fixing Rhizobia and phosphate aquiring arbuscular
mycorrhyzal fungi was shown to depend on multisite phosphorylation by Yoshida et al. [64].
By mutation analysis and mass spectrometry they determined phosphorylation sites in
SYMRK (symbiosis receptor kinase), which is a RLK (receptor like kinase) crucial for
symbiosis in plants [64, 65]. Activation of this kinase depends on the phosphorylation of at

least two phosphorylation sites and good indications exist for the involvement of a third site.
Photosynthesis:

Phosphorylation also plays a major role in photosynthetic and associated processes.
The thylakoid soluble protein of 9 kDa (TSP9) was characterized as a phosphoprotein by
Carlberg et al [66]. They identified three phosphorylated threonines using mass spectrometry
and showed that redox dependent phosphorylation of these sites leads to release of the protein
from the membrane. Many other proteins involved in photosynthesis were also shown to be

phosphorylated but for most of them only single phosphorylation sites are known [67, 68].
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However, Vener et al. described a light dependent phosphorylation of PsbH (Photosystem II
reaction center H protein) at two threonines and phosphorylation of PsbH was reported to

increase its stability [67, 69].

Cell-to-cell trafficking:

Selective phosphorylation of the so-called tobacco mosaic virus movement protein
(TMV-MP) also influences the spreading of tobacco mosaic virus in some tobacco species.
Phosphorylation sites were identified by replacing putative phosphorylation sites in
recombinant movement protein with alanine and glycine and subsequent determination of the
absence or presence of phosphorylation using radioactive ATP in vitro [70]. Trutnyeva et al.
then replaced the identified serine and threonine phosphorylation sites in a sequential manner
with negatively charged amino acids and compared virus spreading for each mutant [71].
While the phosphorylation of TMV-MP at one specific serine seems to stimulate cell-to-cell
movement of the virus, phosphorylation of two other sites has the opposite effect. The authors
conclude that this multisite phosphorylation event may proceed in a sequential manner: first,
phosphorylation leads to a spreading of the virus (a benefit for the virus) but further

phosphorylation events then restrict the harmful infection (a benefit for the host plant).
Growth control:

Phosphorylation of ribosomal protein S6 at several amino acids at its carboxyterminal
end is well known to be dependent on insulin/IGF (insulin-like growth factor) signalling in
animals [72]. It is required for the activity of S6 leading to the translation of 5' TOP mRNAs
(mRNAs which contain an oligopyrimidine tract at their 5' transcriptional start site) coding for
proteins of the protein synthetic apparatus. In plants, multisite phosphorylation of specific
sites in S6 in analogy to the animal system has been reported for maize using **P labelling and
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS) [73]. Here, following phosphoprotein enrichment and mass spectrometry based peptide
analysis I could identify an S6 phosphopeptide in A. thaliana belonging to the c-terminal end
of the protein (see chapter III). Phosphorylation of A. thaliana S6 ribosomal protein was also
reported by Chang et al. who subjected enriched ribosomes to beta elimination and mass
spectrometry [74]. Furthermore, studies exist describing aspects of a signal transduction
pathway in plants similar to the animal pathway leading from membrane perception of
mitogens to S6 phosphorylation and growth control [73, 75-79]. Thus it seems that this
important pathway, including multisite phosphorylation on specific residues at the c-terminus

of S6, is indeed conserved in plants.
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Enzymatic activity:

Of high importance and well described is the impact of protein phosphorylation on
enzymatic activity. A classic example is pyruvate dehydrogenase (PDH), which forms part of
the pyruvate dehydrogenase complex (PDC). This key enzyme, which converts pyruvate to
acetyl-CoA and produces NADH has been shown by mutagenesis approaches and radioactive
labelling to be phosphorylated in mammals on multiple serines. Phosphorylation leads to
deactivation of the enzyme and might play a role in the formation of the PDC(for review see
[71]). In plants, however, the situation is more complex since they posses not only a
mitochondrial PDC (mt PDC) but also a plastidic PDC. No phosphorylation sites are reported
for plastidic PDC so far, but two sites (one homologous to mammalian site 1 and a second
serine one upstream of the mammalian site 2) have been confirmed in pea by mass
spectrometry [80]. Phosphorylation of plant PDH leads to its inactivation as in the case of the
mammalian PDH [81]. Future studies are likely to reveal the exact regulation of plant mt

PDH by multisite phosphorylation.

Bykova et al. found multisite phosphorylation of formate dehydrogenase in potato
tubers using a combination of 2P in wvitro labelling, IMAC (ion metal affinity
chromatography) and mass spectrometry. They showed that phosphorylation led to
deactivation of the enzyme and phosphorylation was inhibited by the addition of NAD",
formate, and pyruvate in a manner similar to pyruvate dehydrogenase [82]. However, no

detailed studies about the functional influence of individual phosphorylation were performed.

Phosphoenolpyruvate carboxylase (PEPC) is also recognized as a metabolic key
enzyme. PEPCs catalyze the formation of oxalacetate from phosphoenolpyruvate (PEP) and
bicarbonate (HCO5). In this reaction Mg2+ and ATP are used as cofactors and inorganic
phosphate (Pi) is formed and the product is readily converted to malate by malate
dehydrogenase. Up to date, PEPCs have only been identified in photosynthetic organisms
including green plants, algae, and bacteria. In C4 and CAM (crassulaceaen acid metabolism)
plants PEPCs can serve the efficient prefixation of carbon dioxide thus accounting for the
deficiencies of ribulose 1,5-bisphosphate carboxylase/oxygenase (rubisco) while in C3 plants
the major task is the formation of oxalacetate and malate to replenish the tricarboxylic acid

cycle in the so-called anaplerotic reactions.

The activity of some PEPCs is highly dependent on phosphorylation of a specific
serine located in a conserved part of the N-terminus with the recognition motif

(E/D)(K/R)XYS*IDAQLR [83]. For C3 plants less information is available compared to C4
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and CAM plants but regulation by phosphorylation is also documented [84-86]. For A.
thaliana it was reported that phosphorylation of this enzyme is light dependent and adverses
the effects of inhibitory metabolites including malate [87]. However, while phosphorylation
of an N-terminal serine was suggested in this study no in vivo phosphorylation sites of A.
thaliana PEPCs was experimentally determined. In fact, to my knowledge a PEPC
phosphorylation site, has never experimentally been pinpointed in vivo in any C3 plant.
Therefore, I investigated whether PEPC is indeed phosphorylated at the putative site in A.
thaliana (chapter III).

One of the most extensively studied examples for plant protein phosphorylation is
sucrose-phosphate synthase (SPS). This metabolic key enzyme catalyzes the formation of
sucrose-phosphate from fructose-6-phosphate and UDP-glucose. Three phosphorylation sites
have been described for SPS in spinach and tobacco using a wide variety of methods
including radioactive labelling, site directed mutagenesis, and mass spectrometry.
Phosphorylation clearly influences the activity of this protein. One phosphorylation site is
located in a 14-3-3 binding domain; another is responsible for light/dark modulation and a
third site has been reported to be involved in osmotic stress response [88-91]. Interestingly,
phosphorylation of the light/dark modulation site is responsible for deactivation of the

enzyme while phosphorylation of the osmotic stress response site leads to the opposite effect.

Very recently, using a mass spectrometry based approach; a temperature dependency on the

phosphorylation of this important enzyme was suggested (see chapter V).

Aim of this thesis

The above examples give an overview on the variety of functions protein
phosphorylation can have in plant cell biology and underline the importance of this
remarkable posttranslational modification. Since the methods available at the beginning of
this thesis were not sufficient to efficiently investigate plant protein phosphorylation in
complex mixtures it was the aim of this thesis to develop and refine methods for non-targeted
as well as targeted analysis of serine/threonine protein phosphorylation in A. thaliana and C.
reinhardtii. These novel methods should be applied to solve biological questions on the
regulation of plant primary metabolism. More specifically, a major focus was put on the
development of a robust and affordable technique capable of efficiently enriching for
phosphoproteins out of complex plant protein mixtures, and on a novel strategy relying on

mass spectrometry to quantify changes in phosphorylation of metabolic key enzymes in a
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robust manner. In addition, a prominent mass spectrometry based method widely used to
determine phosphorylation sites (neutral loss driven MS?) should be evaluated with respect to
its robustness and applied to determine novel phosphorylation sites in A. thaliana and C.

reinhardtii.

The following chapters intend to familiarize the reader with the merits and pitfalls of
the most prominent approaches used to study protein phosphorylation and to explain how
each of these methods can be used to gain insight into the complex world of this important
covalent modification. Contributions of the author to the relatively new field of plant

phosphoproteomics are presented and summarised in the final paragraphs of each chapter.
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Chapter I1: Phosphoprotein & phosphopeptide
enrichment

Due to the low abundance of phosphorylated proteins, estimations reach from 10 to 30
% of all proteins phosphorylated at any given time [92, 93], the enrichment of phosphorylated
proteins or peptides is of general interest for researchers working on phosphorylation. Indeed,
the substoichiometry of phosphorylated protein species (i.e. the low number of
phosphorylated proteins compared to their non-phosphorylated counterparts) in complex
mixtures is a major analytical challenge in protein phosphorylation analysis [94] and often
provides the basis for research on in vivo phosphorylation. Because of its high importance
much work has been dedicated to the development and improvement of methods for
phosphopeptide and to a lesser extent for phosphoprotein enrichment in the last years.
Strategies for phosphopeptide and phosphoprotein enrichment are appearing continuously and
many of them had not been published when this work was started. In general there are two
alternatives for the enrichment, namely the enrichment of phosphorylated peptides or of intact

phosphoproteins.

Phosphopeptide enrichment has the advantage that the resulting peptide mixture is less
complex compared to a peptide mixture representing a total phosphoprotein digest following
phosphoprotein enrichment. However, when enriching for phosphorylated peptides three main
disadvantages become obvious. Firstly, the number of molecules on the peptide level is
necessarily much higher than on the protein level. Secondly, and even more importantly, the
identification of the respective protein often relies on just one phosphorylated peptide
following phosphopeptide enrichment. Finally, studies following the peptide enrichment step
are restricted to sequence analysis and no further experiments on the structure or behaviour of

the proteins are possible.

In general it is acknowledged that protein identifications by tandem mass spectrometry
should be based on more than one peptide [95]. This is especially true for studies where
peptide identifications are achieved using database search since this is more a homology
search than a stringent identification process. The correct identification of phosphorylated
peptides via mass spectrometry is often not as straightforward as is the identification of
unmodified peptides [96]. Therefore, it seems astonishing that, compared to general

proteomics studies, less stringent criteria are sometimes applied in phosphoproteomic studies.
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One should assume that for a robust identification of phosphoproteins at least one

unmodified peptide of the respective protein in addition to the phosphorylated peptide is

necessary. Alternatively, the protein might be identified by other means than mass
spectrometry (e.g. recognition by an antibody) to support the identification. However, because
many researchers try to identify as many phosphoproteins as possible in a given sample this
procedure is not followed in most large scale phosphoproteomic studies, and identification is
often based on a single phosphopeptide per protein.
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Fig. 4: Enrichment of phosphorylated proteins (C) leads to a compromise between
reduction of sample complexity and reliable protein identification when compared to

phosphopeptide enrichment (B) or no enrichment (A).

Compared to phosphopeptide enrichment, phosphoprotein enrichment has to deal with
different hurdles. First of all, peptides are far more soluble than proteins. Therefore, a much
higher number of solvents can be used during the enrichment procedure. The acceptable pH
range for peptides spans from near O to 14, but beta elimination of the phosphate group from
serine and threonine can occur at pH higher than 12. For most proteins the pH at which they
are soluble and stable is in the range from pH 6 to 12. In addition, the relative amount of
phosphate is usually much higher in a peptide and the phosphate residues are often better
exposed compared to a whole protein. Those characteristics make phosphate affinity

purification far easier for peptides than for proteins.

However, enrichment of whole proteins is a compromise between no enrichment,
which leads to a reliable identification of only very few phosphoproteins, and phosphopeptide
enrichment that results in a less reliable identification of many phosphoprotein (figure 4).

Because of the general lack of appropriate phosphoprotein enrichment methods in the plant
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field at the beginning of this thesis a major focus was to establish a robust and cost effective

method for the enrichment of phosphorylated proteins from plant tissue.
I1.1. Antibodies and capture molecules occurring in nature

Antibodies directed against phosphoserine, -threonine [97] , and —tyrosine [98] have
been used to generally enrich for plant proteins phosphorylated at the respective residues in
immunoprecipitation experiments. It should be noted that the use of global antibodies directed
against phosphoserine or phosphothreonine is usually associated with lower specificity
compared to the anti-phosphotyrosine antibodies. This might be due to the better accessibility
of the phosphate group located on tyrosine or because of the lower complexity of the
structural nature of the threonine and serine antigens compared to tyrosine. Also, the
production of antibodies still needs to be performed using animals like mice or rabbits — a
questionable approach when effective alternatives to immunoaffinity enrichment can be used.
Besides, antibodies remaining in the sample can complicate downstream analysis. However,
following phosphorylation site identification one can also apply specific antibodies for a more
focussed approach. These antibodies, directed against regions surrounding a specifically
phosphorylated residue, are usually quite selective and can be effectively be used to enrich for
a certain protein of interest. The drawbacks of this approach are that the exact residue has to

be known and that the generation of these antibodies is expensive and time consuming.

In addition to antibodies there are several different protein domains designed by
nature, which are capable of binding phosphorylated proteins and peptides. While SH2 (Src
Homology 2) and PTB (phosphotyrosine binding) domains recognise predominantly tyrosine
phosphorylation, 14-3-3 proteins as well as WW domains bind to proteins phosphorylated on
serine and threonine, and FHA (forkhead associated) domains show a preference towards
threonine phosphorylation [99]. In principle all of these domains or the respective proteins
can be used for the enrichment of different sorts of phosphorylated peptides. In fact,
immobilised 14-3-3 proteins have been used for the purification of serine/threonine
phosphorylated plant proteins [100, 101]. As described, each of these domains/proteins only
recognizes a subset of the total pool of phosphorylated proteins and experimental setups
relying on these domains are therefore not as widely applicable as methods relying on more
general affinity mechanisms. A combination of a more general affinity chromatography
followed by different more restrictive approaches could however, further facilitate the

analysis of the phosphoproteome.
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I1.2. Strategies relying on chemical derivatisation

Besides the non-modifying purification procedures described so far, methods exist that
make use of chemical derivatisation strategies for the enrichment of phosphorylated proteins
and peptides. Two main approaches have been described. The first one consists of beta
elimination followed by Michael addition, where the phosphate group of phosphoserine or
phosphothreonine (phosphotyrosine can not be derivatised using this method) is replaced with
a nucleophile that is suitable for selective enrichment [102-108]. The alternative is a strategy
involving temporary carbodiimide coupling of the phosphate residues of p-serine/p-
threonine/p-tyrosine to a solid phase, followed by washing steps to remove non-

phosphorylated species [109, 110].

However, these techniques have their limitations. Due to the involved chemical
processes, unwanted side reactions may occur. This is known for the approach involving beta
elimination, which is carried out at basic conditions (pH 12-14). These reaction conditions can
lead to the replacement of O-glycosides [111, 112], sulfonated residues [113], and even of
hydroxyl groups, which are located on serine and threonine [114]. Several other artificial
protein modifications are known to occur under highly basic conditions [115] and it is hard to
see how all of these reactions can be excluded while preserving replacement of

phosphorylated residues.

The carbodiimide approach has the distinct advantage of including phosphotyrosine in
the analysis and that no side reactions are reported so far. The initial approach [109] involved
several modification steps which increases the likelihood of sample loss and modification in
each step. The refined method [110] involves methylesterification, which has also its
drawbacks as described above (IMAC section). Nevertheless, the method seems to be

promising and might find its way into plant phosphorylation research.
I1.3. Immobilised Metal Affinity Chromatography (IMAC)

The most widespread method used for phosphopeptide enrichment is IMAC
(immobilised metal affinity chromatography). This technique was initially developed by
Porath ef al. [116] and was originally used to separate all kinds of different proteins. It mainly
relies on the attraction of a negatively charged amino acid residue to a a positively charged

metal that is immobilised on a metal chelator matrix like iminodiacetic acid. Iron and gallium
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are the most widely used metals for the enrichment of phosphorylated species. Since a
phosphate group has a stronger net negative charge than any other amino acid residue,
phosphorylated proteins/peptides are better retained on the matrix than their non-
phosphorylated counterparts. IMAC has been used to separate plant derived phosphorylated
proteins [117] as well as phosphopeptides [118, 119] from non-phosphorylated ones.
However, there are some difficulties when applying IMAC. Histidine and aspartate
phosphorylations are not accessible by classic IMAC enrichment since they are acid-labile
and IMAC loading is usually conducted under acidic conditions. IMAC has in fact been used
to enrich for acidic proteins and is prone to unspecific binding of proteins/peptides rich in
glutamic and aspartic acid residues [120, 121]. To circumvent the unspecific binding problem
peptides can be methylesterified thus converting glutamic and aspartic acid residues into their

non-charged methyl esters (figure 5).
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H;N—CH-C—OH  + H,C—OH H—Cl,. H;N—CH-C—O—CHy + H—O—H
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Fig. 5: Methylesterification on carboxylic residues of amino acids. A: any amino

acid side chain.

Unfortunately, this reaction is usually conducted under harsh conditions (exclusion of
water at pH 0-1) and not free of side reactions such as deamination of glutamines and
asparagines [122] making this method of methylesterification especially unsuitable for
complex protein mixtures. However, it seems that the success of IMAC and methyl

esterification also depends on the kind of protein sample and IMAC resin used [123].

Since IMAC has been used for the enrichment of phosphorylated proteins [124] and
peptides it can in principle be applied to couple the advantages of both strategies. However,
probably due to experimental difficulties, there is only limited literature describing a double
enrichment both on the protein and peptide level. A recent description comes from Collins et
al. who published a detailed protocol for this sort of sequential purification [125, 126] based
on IMAC, and an analogous approach is described by Huang et al. [127]. There is no study
describing this or a similar experimental setup for plant proteins. Nevertheless, recent
advances in method refinement (i.e. [128]) might help to overcome some of the

aforementioned difficulties of IMAC.
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I1.4. Metal Oxide Affinity Chromatography (MOAC)

Other inorganic approaches make use of metal oxides and hydroxides. This includes
the recently developed methods based on zirconia and titania and the one I developed, which
is mainly based on aluminum hydroxide. Since, oxides and hydroxides are closely related and
in fact all of these compounds belong to the oxide class of minerals (see e.g. [129]), the
general term metal oxide affinity chromatography (MOAC) may be used for these methods in

analogy to IMAC.

I1.4.1. Titania and zirconia

Recently, it was shown that metal oxides can also be used for the enrichment of
phosphorylated peptides. In these studies affinity chromatography based on titania (titanium
dioxide) [130-139] and zirconia (zirconium oxide) [140] was used. Online coupling of a
titania precolumn and an anion exchange [133, 134] or reversed phase column [131, 135] in
an HPLC (High Pressure Liquid Chromatography) setup has been shown to be useful in the
selective analysis of phosphorylated peptides derived from proteolytic digests. Identification
of the phosphopeptides was achieved by monitoring the UV trace [133, 134] or by using a
mass spectrometer [131, 135]. Similarly, nanoparticles composed of Fe304/TiO2 core shell
particles were used to specifically isolate and detect phosphopeptides [130]. Unspecific
binding, which is also reported when using titania [131, 135], can be reduced by
methylesterification [135] and the use of appropriate incubation buffers [132]. However, the
use of a special incubation buffer is preferable because of the side reactions occurring during
methylesterification (see above). While all of the studies named so far focussed on the
analysis of standard proteins or animal tissue a very recent application comes from the plant
field. In this study the authors used titania to enrich phosphopeptides of spinach stroma
membranes and identified some new .phosphorylation sites in photosynthesis related proteins

[141].

However, most of the many different enrichment methods described in the last
paragraphs including recent applications (published in 2006), focus entirely on
phosphopeptide enrichment. None of them reports the general enrichment and identification
of phosphoproteins out of crude plant extract. Therefore, I developed a method relying on the
affinity of phosphate residues towards aluminum hydroxide which is capable of filling the gap

in methods for phosphoprotein enrichment out of complex plant protein mixtures.
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I1.4.2. Aluminum oxide and hydroxide

Aluminum hydroxide is a well known and widely used adjuvant in medicine.
Adjuvants are additives that enhance the effectiveness of medical treatment by potentiating
the immune response and functioning as a carrier for antigens [142, 143]. Because of this
wide application, protein adsorption to aluminum hydroxide has been studied in considerable
detail and some of those studies also investigate the binding behaviour of phosphorylated
proteins to aluminum hydroxide [144-147]. In addition, aluminum oxide, a close relative of
aluminum hydroxide, has been reported to exhibit a high and selective attraction to
phosphorylated biomolecules [148]. The conclusion of these studies is that aluminum
hydroxide and oxide both have a high affinity for phosphorylated biomolecules and that the
affinity towards phosphate is considerably higher than for sulfate or nitrate. These
characteristics make them good candidates for the enrichment of phosphorylated proteins and
peptides out of complex mixtures. However, it is also clear from some of those studies that
non-phosphorylated proteins also exhibit a considerable affinity to those matrices even if they

are not phosphorylated.

Nevertheless, after careful optimisation a buffer recipe was developed that suppresses
the binding of non-phosphorylated proteins while preserving the affinity for phosphorylated
proteins. Figure 6 displays the separation of the two phosphorylated proteins ovalbumin and

pepsin from the unphosphorylated protein bsa (bovine serum albumin).

M S FT W1 W2 E1 E2 E3 Fig.6: Separation of the
two phosphoproteins ovalbumin
and pepsin from the non-

BSA (0P) phosphorylated protein bsa
(bovine serum albumin). M:

Ovalbumin (2P)

Pepsin (1P) marker; S: sample (mixture of

bsa, ovalbumin, and pepsin); FT:
flow through (unbound sample);
WI1,2: wash; E1,2,3: eluate (bound

and eluted sample).

The enrichment procedure is usually performed under denaturing conditions to
decrease the threat of dephosphorylation and degradation events because of the action of
endogenous proteases and phosphatases. Proteins are extracted using a mix of buffer, phenol,

sodium fluoride (which serves as a phosphatase inhibitor), and beta-mercaptoethanol. After
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precipitation proteins are resuspended in a special incubation buffer containing urea,
subjected to affinity chromatography, and eluted using pyrophosphate (see appendix). So far,
phosphoproteins from different sources including C. reinhardtii, A. thaliana cell cultures,
seeds and leaves have been enriched (see this chapter and the relevant publications in

Proteomics and Plant Methods).

To get a first glance at the phosphoproteomes of A. thaliana and C. reinhardtii
subproteomes generated by the developed phosphoprotein enrichment were compared.
Proteins of A.thaliana seeds, leaves, and cell culture as well as of heterotrophically grown C.
reinhardtii were processed using the general extraction, enrichment, and protein separation
procedure described in the appendix at the end of this thesis. Percentages of shared proteins
were calculated by the formula: number of shared proteins / number of proteins in the sample

with fewer proteins*100.

Table I:  Overlap of proteins from different sources enriched by aluminum
hydroxide:
Protein At Atcc/ Atcc/ Atcc/ At Cr/At Atcc/
Overlap seeds / At At Cr seeds / leaves At cc
At leaves seeds Cr
leaves
Identified 181/ 234/ 234/ 234/ 181/ 137/ 98/75
proteins 83 83 181 137 137 83
Shared 20 23 57 25 12 23 54
proteins
% of 24 28 31 18 9 28 72
shared
proteins

At: A. thaliana, Cr: C. reinhardtii, cc: cell culture.

Because of stringent filtering criteria (minimum three peptides per protein with Xcorrs
2.0, 2.5, 3.5 for a singly, doubly, or triply charged peptide, respectively) only the most
abundant proteins were monitored. The minimum of three instead of two peptides per protein
(compare introduction) was set because spectra were not evaluated manually. Overlap of A.
thaliana and C. reinhardtii proteins was determined by searching the C. reinhardtii derived
spectra against a C. reinhardtii database and subsequently identifying the A. thaliana
homologues to these proteins by BLAST search. Interestingly, only a small percentage of
proteins is shared between samples reflecting the high specialisation of the different tissues
and organisms with respect to the abundant proteins (table I). However, even the overlap
between two samples of the same type generated by shotgun analysis was below 100 %. This
phenomenon is well known even for samples, which are not enriched in any way [19]. In fact,

the percentage of overlap between samples before enrichment was almost the same as for
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samples after enrichment (70%). Even though it can not be excluded that repeated analysis of
biological replicates of all samples might lead to a different view on the data, repeated
random sampling of some gel bands revealed consistent results. Phosphorylation sites for
some but not all of the proteins were identified (see chapter two). While it is not possible to
tell which of the proteins are definitively phosphorylated in vivo without the identification of
phosphorylation sites, it is clear that subproteomes highly enriched for phosphorylated
proteins are compared reflecting the specialisation of every organism and tissue type under

investigation.

The protein categories that contribute most remarkably to the overlap are protein
synthesis and photosynthesis which may mean that phosphorylation of proteins from these
categories is especially dominant throughout the different samples, and is conserved across

the tissue types and plant species under investigation.

Limitations of the developed method

As any method, the developed method for phosphoprotein enrichment is limited to
some extent. The amount of protein needed for successful enrichment is high, mainly because
of considerable sample loss during the enrichment procedure. This means that one needs
approximately 1.5 mg protein sample to obtain 20 to 50 ug of protein in the enriched fraction
(the amount depends on the initial phosphorylation degree and on sample complexity).
Enrichment on the peptide level using aluminum hydroxide suffers to a bigger extent from
this loss and even more material is needed. This can be explained by the stronger retention
phosphopeptides have on the matrix as compared to whole proteins. Also, it was observed that
phosphopeptide enrichment using aluminum hydroxide resulted in samples that could not
easily be analysed using electrospray ionisation. A possible explanation for this phenomenon
is that matrix particles were present in the samples and interfered with the electrospray
process, and peptide purification with C18 material did not eliminate these complications.
However, the problem was not observed when enriching for whole proteins probably because
of the extensive cleaning procedures involving protein precipitation after enrichment. Because
of enriching for phosphorylated proteins instead of peptides the number of identified
phosphopeptides is small in comparison to phosphopeptide enrichment. To further investigate
this problem, a double enrichment approach with aluminum hydroxide and titainia was
employed and compared to a single enrichment procedure. However, it was found that the

phosphopeptide enrichment with titania was not as specific as expected (see chapter III).
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A general problem common to all enrichment methods is that the non-phosphorylated
counterparts are usually discarded. However, this makes it impossible to gain the ultimate
information on protein phosphorylation: the stoichiometry of phosphorylation (i.e. the ratio of
a phosphorylated protein to its non-phosphorylated cognate). While many studies focus on the
determination of phosphorylation sites and some on the comparative quantification of protein
phosphorylation (i.e.: in which of the samples can we find more phosphorylation?) there are
only limited reports on phosphorylation stoichiometry. Only analysis of phosphorylation
stoichiometry delivers precise information on regulatory processes since these do not depend
on the overall amount of phosphorylated protein but on the ratio of phosphorylated versus
non-phosphorylated protein. In principle, one can analyse the flow-through and all washing
steps of any enrichment procedure to determine this stoichiometry. This however, is usually
not done because of technical limitations (e.g. a part of the sample is often retained by the
matrix even after extensive washing and elution steps) and because of the time such an
approach takes. On the other hand, as described before, the identification of phosphorylation
sites is greatly hindered without enrichment. Consequently, enrichment is the first and very

important step, which provides a solid basis for further phosphorylation research.
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Appendix chapter 11

Wolschin, F., Wienkoop, S. & Weckwerth, W. Enrichment of
phosphorylated proteins and peptides from complex mixtures

using metal oxide/hydroxide affinity chromatography (MOAC).
Proteomics 5, 4389-4397 (2005).
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Enrichment of phosphorylated proteins and peptides
from complex mixtures using metal oxide/hydroxide
affinity chromatography (MOAC)
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A novel method termed metal oxide affinity chromatography (MOAC) of enriching for phos-
phorylated proteins and peptides based on the affinity of the phosphate group for Al(OH); is
presented here. When compared to commercial phosphoprotein-enrichment kits, this method is
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more selective, more cost effective and easily applicable to method optimization. The use of
glutamic and aspartic acid in the loading buffer significantly enhances selectivity. Standard pro-
tein mixtures and complex Arabidopsis thaliana leaf protein extracts were tested for efficacy of
enrichment. The method can be applied to proteins extracted using either mild or denaturing
conditions. The same Al(OH); material is suitable for the enrichment of phosphopeptides out of
a tryptic digest of a-casein. Peptide phosphorylation was revealed by beta-elimination of phos-
phate groups. Enrichment and in vivo phosphorylation of A. thaliana leaf proteins were con-
firmed with Pro-Q diamond stain. Several of the phosphoprotein candidates that were identified
by MS are known to be phosphorylated in vivo in other plant species.
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1 Introduction

Phosphorylation is one of the most prominent post-transla-
tional protein modifications in living cells and its investiga-
tion is of key interest in the field of proteomics. Examples of
regulation by phosphorylation abound: increasing or
decreasing the biological activity of enzymes, helping pro-
teins to travel between subcellular compartments, allowing
interactions between proteins to occur, and labeling proteins
for degradation. However, systematic knowledge about in
vivo protein phosphorylation is lacking for most organisms.
Since only 10-30% [1, 2] of cellular proteins are thought to be
phosphorylated, enrichment facilitates their analysis. A
number of strategies have been applied to separate phos-
phorylated proteins and peptides from the non-phosphoryl-
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ated. One such strategy involves the use of antibodies spe-
cific for phosphorylated amino acids. This method is well
established for proteins phosphorylated on tyrosine [3, 4] and
has been used recently for the isolation of proteins phos-
phorylated on serine and threonine residues [5]. The tech-
nique, however, is limited due to the availability, high costs,
and specificity of the antibodies.

Another commonly used strategy is IMAC. It relies on
the affinity of the phosphate group to metal ions immobi-
lized on a matrix such as agarose vig acidic compounds like
iminodiacetic acid (IDA) or nitrilotriacetic acid (NTA) [6].
IMAC is based largely on ionic interactions, so consequently
peptides rich in glutamic and aspartic acid residues are often
co-purified. Other amino acid residues such as cysteine and
histidine may also interact with the IMAC material making
selectivity for the phosphate group difficult [7]. This dis-
advantage can be partly overcome by converting carboxyl
residues to methyl esters [8], but the process of methyl ester-
ification is quite harsh and may lead to unwanted peptide
modification [9].
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Using iron-loaded IDA coupled to agarose, Andersson
and Porath [10] were able to separate three forms of phospho-
ovalbumin differing only in the extent of phosphorylation.
However, no studies on nonspecific binding were performed.
A similar procedure is now commercially available from BD
Biosciences.

In another study, binding and elution of phosphorylated
compounds (phosphoamino acids, phosphopeptides, phos-
phoproteins, and nucleotides) at high NaCl concentrations
were investigated on an IDA column loaded with aluminum
ions. The authors found significant discrimination towards
the binding of phosphorylated compounds when applying
1 M NaCl [11], but no biological samples were tested.

An alternative to the BD™ kit is a kit developed by Qiagen,
but no information is provided on details of the procedure,
for instance on buffer compositions. Thus, optimization for
complex biological samples like plant tissue is difficult or
even impossible. Additionally, the commercial kits are quite
expensive.

Other techniques for the enrichment of phosphorylated
proteins consist of approaches for the chemical derivatization
of phosphoproteins by beta-elimination and Michael’s addition
of different linkers with or without subsequent digestion and
affinity purification of the derivative compounds [12, 13]. So far,
these methods have only been demonstrated for case studies,
and raise some important problems. First, the replacement
works only for serine and threonine phosphorylated amino
acids, leaving residues phosphorylated on tyrosine or other
residues unaltered. Second and more important, side reactions
may occur under the conditions of the replacement. Proteins
and peptides may be degraded and hydroxide moieties on ser-
ine and threonine can also be replaced in some cases [14, 15]. In
addition, glycosidic residues linked to serine or threonine are
replaced, leading to indistinguishable detection of phospho-
rylation and glycosylation or other modifications on serine and
threonine residues. One possibility is to remove the glycosidic
residues (via glycosidase) or the glycosylated proteins/peptides
(via lectin affinity chromatography) prior to the derivatization
step, which should be carried out under the mildest conditions
possible [16]. Another option is the combination of phospho-
protein/peptide enrichment and subsequent beta-elimination
followed by Michael’s addition [17, 18].

However, a major advantage of the beta-elimination is
the exchange of the labile phosphate group with various sta-
bile marker molecules giving better ionization efficiency in
MS, and thus facilitating phosphorylation site identification
and relative quantification [19-21].

Recently titania was used for affinity chromatography of
phosphopeptides [22-25]. This technique seems to be a
promising alternative to IMAC. Nevertheless, nonspecific
binding is observed and the technique has to be developed
further.

In the present study, a novel Al(OH);-based technique for
the enrichment of phosphoproteins and phosphopeptides
from sub-stoichiometric mixtures is described circumvent-
ing many of the aforementioned problems. Most important,

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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due to the accessibility of the Al(OH); material in large
amounts, the procedure can easily be optimized for all kinds
of biological samples. Here, we demonstrate the selective
and sensitive enrichment of phosphoproteins from a com-
plex protein sample from Arabidopsis thaliana leaf, thereby
identifying candidates for in vivo phosphorylation. Further-
more, the same material is shown to be suitable for the
enrichment of phosphopeptides.

2 Materials and methods
2.1 Chemicals

Imidazole, and sodium chloride were from Merck (Darm-
stadt, Germany). CHAPS was from Roth and Triton X-100
from Serva. AI(OH); and all remaining chemicals were
obtained from Sigma (Miinchen, Germany).

2.2 Model proteins used for method validation

Model proteins were selected based on the characteristics of
their primary sequence. pI and molecular weight were cal-
culated using online software available at http://scansite.mi-
t.edu/calc_mw_pi.html. Sequences were derived from
PubMed (http://www.ncbi.nlm.nih.gov/entrez/) or expasy
(http://www.expasy.org/). Glucose oxidase was obtained
from Roche, all other proteins were from Sigma.

2.3 Batch protein loading to AI(OH);

The binding of different model proteins to Al(OH); was
examined using a batch procedure. Different amounts of
Al(OH); were washed twice with an incubation buffer con-
sisting of 30 mm MES, 20 mm imidazole, 0.2 M potassium
aspartate, 0.2 M sodium glutamate and 0.25% CHAPS. In
experiments with denatured proteins, 8 M urea was included
in the incubation buffer. The pH of the buffer was adjusted to
6.1. Protein solutions (in incubation buffer) were added and
incubated for 30 min. The matrix was washed with five to six
volumes (in respect to sample volume) of incubation buffer,
and elution was performed using a phosphate or pyrophos-
phate buffer (see below and results section).

The protein concentration in the fractions was deter-
mined using the Bradford assay [26] with ovalbumin as a
standard.

2.4 Binding and elution of standard proteins

Of the three standard proteins, pepsin (1 phosphate), ovalbu-
min (0-2 phosphates), and casein (8 phosphates), 1 mL each
of a 1 mg/mL solution was incubated for 30 min at room
temperature with 80 mg Al(OH);. Bound protein was eluted
in steps with different concentrations of a potassium phos-
phate buffer, pH 7.2. Incubation time for each step in this
experiment was 1 min.
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2.5 Comparison of different methods for the
enrichment of phosphorylated proteins

For the comparison of the Al(OH); matrix with the BD
Biosciences phosphoprotein enrichment kit, 2.5 mL of a
1 mg/mL solution of a mixture of standard proteins was
used for each experiment. Of the non-phosphorylated pro-
teins conalbumin, lysozyme, and glucose oxidase, 700 pg of
each was used, and of the phosphorylated proteins o-casein
and ovalbumin, 200 pg of each was present in the mixture,
resulting in a stoichiometry of about 16% phosphorylated
versus non-phosphorylated proteins. The BD kit was used
according to the manual with slight modifications as fol-
lows: incubation time was raised to 30 min (instead of
20 min) and the last 1 mL of the washing steps was saved
for analysis.

The Qiagen column was used according to the manual,
loading 25 mL sample diluted in the supplied loading buffer
to give a protein concentration of 0.1 mg/mL.

For MOAC, 80 mg Al(OH); matrix were washed twice
with a total of 3.6 mL incubation buffer before loading the
sample. The loading fraction (2.5 mL) was added and incu-
bated for 30 min at 4°C on a rotator. The mixture was cen-
trifuged for 1 min at 14000 rpm and the supernatant was
discarded. Subsequently, the matrix was washed with six
volumes of incubation buffer (with respect to the sample
volume), and once with 0.9 mL incubation buffer, and the
supernatant was retained for analysis. After two more wash-
ing steps with 1.8 mL 10 mm HEPES buffer, pH 7.0 to
remove excess salt, bound proteins were eluted by adding
four times 0.9 mL 0.5 M potassium phosphate buffer, pH 6.0.
For each elution step the matrix was incubated for about
10 min on a rotator at room temperature. Protein was pre-
cipitated with methanol/chloroform according to Wessel and
Fliigge [27] and fractions were analyzed by SDS-PAGE [28]
after dissolving pellets in 1x SDS sample buffer (45 mm
Tris, pH 6.9, 10% glycerin, 1% SDS, 0.01% bromophenol
blue, and 50 mm DTT). Eluate and wash fractions were con-
centrated ten times compared to the sample and flow
through before loading.

2.6 MOAC enrichment of phosphoproteins from a
A. thaliana leaf protein sample

A. thaliana leaf proteins were extracted by adding a mixture
of three volumes buffer-saturated phenol (15 mL) and one
volume 50 mM HEPES-KOH, pH 7.2 containing 1% 2-mer-
captoethanol, 40% sucrose, and 40 mm NaF (5mlL) to 2 g
leaf material ground in liquid nitrogen. After mixing for
20 min at 4°C, protein was precipitated from the phenol
phase (upper phase) with five volumes ice-cold acetone for
1 h at —20°C and dissolved in 1.5 mL incubation buffer (see
above) containing 8 M urea. This buffer was also used for
washing the matrix before use and in the washing steps (five
steps with 1.6 mL and one step with 0.8 mL). Subsequently,
1.5 mL of a 0.5 mg/mL protein solution was used for incu-
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bation with 80 mg matrix. Elution was performed by incuba-
tion of the matrix with 800 uL 100 mM potassium pyropho-
sphate buffer containing 8 m urea, pH 9.0 for 20 min. Pro-
teins were precipitated with methanol/chloroform prior to
gel loading; 6 pg of the sample, the flow through, or the elu-
ate in 1 x SDS buffer were loaded onto the gel. Staining of
phosphorylated proteins was performed using the Pro-Q
diamond stain (Invitrogen, Karlsruhe, Germany) following
the manufacturer’s instructions, and using the de-staining
solution containing ACN. Phosphorylated proteins were vis-
ualized using a Dark Reader™ (Clare Chemicals). The same
gel was subsequently stained with CBB after washing three
times with water.

2.7 Nano-LC/MS/MS analysis of enriched
phosphoproteins

The in-gel tryptic digest of phosphoproteins was analyzed
using a monolithic RP nano column (30 cm x 100 pm) [29]
with an LC-MS system comprising a Surveyor HPLC instru-
ment with flow splitter and an LCQ Deca Xplus IT (Thermo
Finnigan, San Jose). The tryptic digest was first loaded onto a
peptide trap (Bischoff Chromatography, Leonberg, Ger-
many) with a flow rate of 2 uL/min, and subsequently
washed for 5 min with 100% solvent A (0.1% formic acid in
water). After washing, peptides were eluted and separated
using a flow rate of 200-300 nL/ min and a 0-80% gradient
of solvent B (0.1% formic acid in ACN) for 90 min. The
voltage was applied directly to the analyte solution using a
T-piece. Eluting peptides were continuously analyzed by
selecting the three most abundant signals of a survey scan
(mass range m/z 500-2000) for sequential MS/MS frag-
mentation. The MS/MS spectra were searched against an
Arabidopsis database ((http://www.arabidopsis.org/) using
Turbosequest implemented in Bioworks 3.1 (Thermo
Finnigan). Matches were filtered with Xcorr versus charge
filter of Bioworks 3.1 with minimum Xcorrs of 2.0, 2.0, and
3.3 for singly, doubly, and triply charged fully tryptic pep-
tides, a minimum Acn of 0.1, and a minimum of two pep-
tides per locus. Using DTASelect [30] , all redundancy of
scans, peptides and proteins were removed. Additionally,
spectra were evaluated manually using a DTASelect Graphi-
cal User Interface (GUI).

2.8 Enrichment of phosphorylated peptides

Bovine a-casein was dissolved in 25 mm NH,HCO; (pH 8.2,
10% ACN, 5 mm CaCl,) to a concentration of 1 mg/mL and
digested with immobilized trypsin at 37°C overnight. An ali-
quot of 200 pL was dried in a rotary vacuum evaporator and
redissolved in 500 pL of the incubation buffer described
above but lacking 0.5 M NaCl. An Al(OH); slurry, 75 pL, was
added to this re-suspension and the mixture incubated for
30 min on a rotator at 4°C. After centrifugation (12 000 rpm,
2 min), the supernatant was discarded and the matrix was
washed five times with 0.5 mL incubation buffer without
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NaCl. Elution was performed in two steps by adding 75 puL
sodium pyrophosphate, pH 8.3 (60 mwm and 250 mwm, respec-
tively) and incubating the mixture at room temperature on a
rotator for 10 min. After centrifugation (12 000 rpm, 2 min)

the supernatant was saved for analysis and the gel slurry was
discarded.

2.9 Beta-elimination of phosphate groups

Enriched fractions of a-casein were subjected to beta-elim-
ination by mixing 10 pL of the eluate of the procedure
described above with 90 puL saturated Ba(OH), solution
(0.15 M) for 1 h at 37°C. Then, 10-uL fractions were desalted
with C18 zip-tips (Millipore) according to the manufacturer’s
instructions. Peptides were acidified by adding 5 uL 5% TFA
to 20 pL of each fraction (1% TFA final concentration). Elu-
tion was performed from each zip tip with three times 3 pL
H,0/ACN, 50:50 containing 0.1% TFA.

2.10 MALDI-TOF analysis of peptides

From each desalted sample, 5 pL was mixed with 5 puL 2’,4°6’-
trihydroxyacetophenone (THAP) matrix (10 mg/mlL), dis-
solved in 50:50 H,0O/ACN containing 0.1% TFA, and mixed
at a ratio of 9:1 with ammonium citrate (50 mg/mL in H,0);
1 pL of the mixture was used for analysis.

Spectra were acquired using a voyager Pro system using
the following instrument settings: accelerating voltage 20 kV;
grid voltage 83%; guide wire voltage 0.003; delay time 250 ns.
Samples were measured in negative reflector mode.

Table 1. Selected model proteins and their characteristics®

Proteomics 2005, 5, 0000-0000
3 Results

3.1 Optimization of the loading procedure using
phosphoproteins/non-phosphoproteins with
different potentials for specific/unspecific
binding

To test if the binding of proteins to different matrices is pri-
marily due to the phosphorylated residues and not to other
residues, standard proteins with different characteristics
concerning their phosphorylation state, their amino acid
composition and their pI were chosen (Table 1).

Proteins were selected with different degrees of phos-
phorylation (pepsin, ovalbumin, a-casein) and non-phos-
phorylated proteins with pls varying from about5 (glu-
cose oxidase) to over 9 (lysozyme). Glucose oxidase from
Aspergillus niger was chosen since its pI (4.2) is lower than
that of ovalbumin (a phosphoprotein with a pI of 5.19—
5.06). Thus, glucose oxidase is prone to bind to a metal
affinity column although it is not phosphorylated. Con-
albumin and bovine serum albumin have a high number
of glutamic acid, aspartic acid, and cysteine residues. In
addition, the number of histidines is higher than in any
other standard protein. Conalbumin is a protein that
binds iron in nature and so may bind to IMAC columns
loaded with iron. Since it is thought that ligand exchange
may play a role in absorption of the proteins to the
matrix, the number of serine and threonine residues was
also examined. Conalbumin with 82 threonine plus serine
residues, and glucose oxidase with 87, exhibit the highest
numbers of hydroxyl residues and they are not phospho-
rylated.

Unspecific binding to the material should be recognized
using this set of model proteins. This is most important in
the context of comparing other enrichment kits such as the
BD and the Qiagen kit.

Protein a-Casein Conalbumin Glucose oxidase Ovalbumin Lysozyme Pepsin BSA
Accession no. CAA42516 CAAB8468 AAF59929 AAB59956 AAL69327 P00791 NP_851335
Molecular weight 25146 77786 65770 43031 16248 41425 69326
p/ 4.48 6.85 4.98% 5.19-5.06 9.36 3.97 5.82
No. of phosphates 8 0 0 0-2 0 1 0

No. of amino acids 214 705 605 386 147 386 607
Cysteine 1 32 3 6 9 7 35
Tryptophan 2 10 10 3 6 6 3
Histidine 5 12 20 7 1 3 17
Methionine 6 12 12 17 3 5
Glutamic acid 7 45 30 33 2 15 59
Aspartic acid 25 46 38 14 7 30 40
Serine 16 49 41 38 11 48 32
Threonine 6 38 41 15 7 27 35

a) Prominent properties are shown in bold.
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www.proteomics-journal.de



Proteomics 2005, 5, 0000-0000

Different loading buffers were tested for their inhibiton
of unspecific binding of the various non-phosphorylated
amino acid residues to the Al(OH); matrix. High salt con-
centrations (0.5 M NaCl) were also used to prevent ionic
interactions but did not seem to have an effect on speci-
ficity. A pH of 6.1 and the addition of imidazole (a histi-
dine analogue) inhibits the binding of histidines to the
matrix. The addition of glutamic acid and aspartic acid
salts suppresses the binding of glutamic acid- and aspartic
acid-rich proteins to the matrix (see also Fig. 1). The opti-
mized loading buffer system consists of glutamate, aspar-
tate, imidazole, and CHAPS at pH 6.1 (see experimental
section). This loading buffer was used for all subsequent
analyses.

3.2 Elution profile of different phosphoproteins from
Al(OH);

The three standard proteins, pepsin (1 phosphate), ovalbu-
min (0-2phosphates), and casein (8 phosphates), were
incubated separately with A[(OH); and bound proteins were
eluted in steps with different concentrations of a potassium
phosphate buffer pH 7.2. Results are summarized in
Table 2.

Table 2. Elution behavior of model phosphoproteins using

MOAC?
KP buffer Pepsin Ovalbumin a-Casein
125 mm ++ + —
250 mm + + -
500 mm — ++ +
1000 mm - - ++

a) ++, highest protein content of all eluates of the respective
protein; +, protein eluted from the matrix; —, no protein
detected in the eluate. KP-buffer, potassium phosphate buffer,
pH7.2

N B
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A correlation between the degree of phosphorylation
and the strength of binding to the matrix was observed.
a-casein eluted later and/or at higher phosphate concentra-
tions in the elution buffer than ovalbumin and pepsin
(Table 2).

Further investigations showed that the retention of
phosphorylated proteins also depends on the amount of
matrix used, the time used for elution, and the pH of the
elution buffer. When using less matrix and an elution buffer
of pH 9.0, more protein can be eluted at a lower elution buf-
fer molarity. In addition, pyrophosphate buffers are more
effective than phosphate buffers. This becomes especially
important when trying to elute highly phosphorylated pro-
teins. Using 90 mum pyrophosphate as elution buffer, the
recovery of bound casein was about 75%. Recovery of the
other bound phosphoproteins was nearly 100%.

3.3 Comparison of MOAC with commercial kits

A mixture of five standard proteins (conalbumin, glucose
oxidase, ovalbumin, casein, and lysozyme, see Table 1) was
used to compare the capabilities for phosphoprotein
enrichment of the BD Biosciences phosphoprotein enrich-
ment kit, the phosphoprotein purification kit from Qiagen
and MOAC with Al(OH); as the matrix. The phosphorylated
proteins o-casein and ovalbumin represented about 16% of
total protein (a concentration thought to represent the
phosphorylation stoichiometry in living cells). To each
matrix [BD, Qiagen or Al(OH);], 2.5 mg of the mixture was
added.

The enrichment of phosphoproteins is shown using the
BD kit in Fig. 1A. a-Casein, ovalbumin, conalbumin, and
small amounts of glucose oxidase appeared in the eluate
fraction. All applied proteins were present in the flow
through, albeit to extents not directly proportional to their
application levels. While o-casein was clearly visible, the ov-
albumin level was low. Proteins found in the flow-through

Figure 1. A mixture of five dif-

ferent model proteins was

Go applied to different matrices to
Con reveal differences in the selec-
tivity for enrichment of phos-

d: Con phoproteins. (A) BD Kit; (B) Qia-
Oval(2P) gen Kit; (C) MOAC [AI(OH)]. M,
marker; S, protein mix; FT, flow

<« a-cas (8 P) through; W, last wash; E, eluate.
GO, glucose oxidase; Con, Con-
albumin; Oval, ovalbumin
(2 phosphates); «-cas, a-casein

< Lys (8 phosphates); Lys, lysozyme.

M S FT WE S FTWE S
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Eluate and washing fractions are
concentrated ten times.
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were glucose oxidase, conalbumin, and lysozyme. A sub-
stantial enrichment of phosphorylated proteins was seen;
however, non-phosphorylated proteins were also clearly visible
in the eluate fraction. The phosphorylated o-casein was not
completely retained by the BD matrix. The reason for thatis not
known since the binding capacity of the BD column was not
exceeded. The Qiagen kit in Fig. 1B shows nearly no phospho-
rylated protein in the flow through, and almost exclusively
phosphorylated proteins in the eluate. The amount of ovalbu-
min in the eluate clearly exceeded the amount of casein. The
MOAC procedure is shown in Fig. 1C. In the flow through no
a-casein and only a small fraction of ovalbumin were detected.
The non-phosphorylated proteins were almost exclusively
found in this fraction. Only minimal amounts of non-phos-
phorylated protein were be found in the eluate. The perfor-
mance of MOAC with respect to the enrichment of phospho-
rylated proteins is comparable to the Qiagen kit.

3.4 Enrichment of in vivo phosphoproteins from an
A. thaliana leaf protein sample

To minimize nonspecific binding due to protein-protein
complexes or DNA/RNA-protein complexes, we established a
protocol to enrich phosphoproteins out of a mixture of

A

kDa
200
116

68

45

29

: 20
FT E M

M S

S
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denatured proteins. Proteins were separated from DNA/
RNA by phenol extraction [31] and incubated with A[(OH)s.
The loading fraction, the flow through, and eluate were sub-
mitted to SDS-PAGE and stained first with Pro-Q, which
selectively stains phosphorylated proteins [32, 33], followed
by CBB staining. While no phosphorylated proteins could be
detected in the sample and the flow through (10 pg total
protein loaded), the same protein amount of an eluate frac-
tion gave a strong positive phosphoprotein signal in the gel
with discrete protein bands (see Fig. 2A). CBB staining of the
same gel shows significantly different protein pattern be-
tween loading/flow through fraction and eluate, indicating
the specificity of the method for phosphoproteins out of a
complex sample. A further important proof is that the band
pattern observed in the Pro-Q stain of the eluate matches the
protein bands observed after CBB stain thus inferring mini-
mal binding of non-phosphorylated proteins to the matrix
(Fig. 2B).

Several major bands were cut out of the gel, digested with
trypsin, and analyzed by LC/MS/MS on an LCQ ion trap.
Analysis with Bioworks software/Turbosequest™ and DTA-
Select [30] resulted in the identification of several proteins,
most of which are known from the literature to be phospho-
rylated in other plant species (see Table 3). The molecular

B

Figure 2. MOAC enrichment of
in vivo phosphoproteins from
an A.thaliana leaf protein
extract. Phosphorylation was
confirmed by Pro-Q phosphos-
tain [32, 33] (A) and total protein
content was visualized with CBB
staining on the same gel; 10 pug
total protein per lane was load-
ed (B). The marker band appear-
ing after staining with Pro-Q
corresponds to the phosphoryl-
ated protein ovalbumin. M,
marker; S, sample; FT, flow
through ; E, eluate.

FT E

Table 3. Phosphoproteins identified in a MOAC fraction of A. thaliana |leaf protein extract

Protein Plant species

Literature

in vivo/in vitro
phosphorylation

Acidic phosphoprotein P2 Zea mays Bailey-Serres et al. [37] in vivo
(60S ribosomal subunit)

Ribosomal protein S6 Zea mays Bailey-Serres et al. [37] in vivo

ssU rubisco Cicer Arietinum Aggarwal et al. [38] in vivo

IsU rubisco Spinacia oleracea Guitton et al. [39] in vitro

Glyceraldehyde-3-phosphate Spinacia oleracea Guitton et al. [39] in vitro
dehydrogenase

Sucrose phosphate synthase Spinacia oleracea Winter & Huber [40] in vivo

Rubisco activase Oryza sativa Komatsu et al. [41] in vitro

Glutamine synthetase 2 Nicotiana tabaccum Riedel et al. [42] in vivo

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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weights of the identified proteins corresponded well with
their mobility in the SDS-PAGE. An updated list can be
requested from the corresponding author.

3.5 Enrichment of phosphorylated peptides derived
from a-casein

Bovine a-casein was digested with trypsin, and peptides were
enriched using MOAC. Phosphorylation was verified by
mass and beta-elimination (Fig. 3). The matrix used was
described recently as enhancing the signals of phosphopep-
tides in MALDI experiments [34]. After addition of Ba(OH),,
we observed an immediate precipitation. This is probably
due to an insoluble barium phosphate complex but because
of the excess of added Ba(OH), it did not interfere with beta-
elimination.

Nearly all of the peaks found in the eluate fraction
(Fig. 3B) could be assigned by mass to derive from phospho-
rylated peptides of either S1-casein or S2-casein. Enriched
phosphopeptides include multiply phosphorylated peptides
(up to 5 phosphorylation sites see Table 4). Peptides 1, 2, 3,
and 14 were not identified. However, peptides 2, and 3 were
confirmed by beta-elimination to be phosphorylated and
peptide 1 is probably the dephosphorylated form of pep-
tide 2. Interestingly, the product of beta-elimination was
stable enough under the chosen conditions to enable analy-
sis even without further Michael’s addition. Most of the
peaks observed after beta-elimination correspond to peaks
found in the eluate minus one or multiples of phosphoric
acid, thus further verifying successful enrichment. That
some peptides were not identified after beta-elimination
could be due to unwanted side reactions.

4 Discussion

This study shows that Al(OH);, in combination with a special
incubation/washing buffer, can be used to selectively enrich
for phosphorylated proteins and peptides from complex sam-
ples. The concept of using an adequate buffer system is
essential to obtain high selectivity. This method does not rely
on a chemical modification, and thus theoretically allows pu-
rification of native proteins as well as of denatured proteins.
When using proteins in their native form, we observed non-
specific binding (data not shown). This is probably due mainly
to the association of non-phosphorylated proteins with phos-
phorylated proteins or with phosphate-containing biomole-
cules such as DNA and RNA. The purification of denatured
protein minimizes nonspecific binding of unphosphorylated
proteins but also minimizes protein yield because of the inac-
cessibility of some phosphate groups in denatured proteins.
When compared to commercial kits for enriching phospho-
rylated proteins, the advantage of the developed method is
obvious: high selectivity at low cost. In the case of the BD
Biosciences kit, it can even be said that MOAC seems

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. MOAC enrichment of phosphopeptides from a tryptic
digest of a-casein. (A) MALDI-fingerprint of a tryptic digest of o-
casein. (B) Eluate generated by MOAC from the same sample.
(C) Beta-eliminated fraction from (B). Numbers indicate peaks
found in the eluate and after beta-elimination. Unlabelled peaks
in the fractions correspond to identified non-phosphorylated
peptides and to unidentified peptides.

to be more selective than the commercial kit under the con-
ditions described here. In addition, it can be applied to a wide
range of samples, protein amounts, and to phosphorylated
peptides. The main disadvantage is that highly phosphoryl-
ated proteins are quite strongly retained by the matrix and

www.proteomics-journal.de
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Table 4. Observed phosphopeptides of o-casein?

Proteomics 2005, 5, 0000-0000

Peptide sequence No.in  Protein Number Calculated Observed Observed Loss
spec- of phos- [M—-H]™ [M—H]~  mass after
trum phoryla- beta-
tion sites elimination

DIGpSEpSTEDQAMEDIK 10 S1 2 1926.8 1926.7 1730.7 196
—b 7 S1 1 - 1834.0° - -
DIGpSEpSTEDQAM*EDIK 11 S1 2 1942.8 1942.7 1746.7 196
—b 8 S1 1 - 1846.6°  1748.7 97.9
VPQLEIVPNpSAEER 6 S1 1 1659.8 1659.7 1561.7 98
—b 5 S1 0 - 1568.0°  — -
YKVPQLEIVPNpSAEER 12 S1 1 1951.1 1950.9 1852.9 98
—b) 9 S1 0 - 1859.5? - -
EQLpSTpSEENSK 4 S2 2 1537.6 1538.3 1342.6 195.7
NANEEEYSIGpSpS- 16 S2 4 3007.6 3007.0 2615.1 392.9

pPSEEEpSAEVATEEVK
QMEAEpSIpSpS- 15 S1 5 2720.4 2720.2 2230.4 489.8

pSEEIVPNpSVEQK
NTMEHVpSpS- 13 S2 4 2618.4 2618.7 - -

pSEESIIpSQETYK
—b 2 - 1 - 1465.6 1367.6 98
—b 1 - 0 - 1373.9° - -
—b) 3 - - - 1481.5 1383.6 97.9
—b 14 - - - 2703.6 - -

a) Molecular weight and the sequences of the peptides found in the eluate and after beta elimination are given
(see spectra in Fig. 3B, C). *Indicates oxidation; p, phosphorylation. Some unstable phosphorylated peptides
can be found in the phosphorylated, unphosphorylated, or dephosphorylated form in the eluate.

b) Putative phosphopeptides exhibit losses of only 92-96 Da probably due to metastable fragmentation [43].

quantitative elution becomes difficult. This problem, how-
evet, can be overcome at least partly by using the appropriate
elution buffer. We tried several phosphate-based buffers, and
a pyrophosphate buffer with a high pH (around 9) seems to
be the most effective choice. MOAC also works with Al,O;
but not as well as with Al(OH); (data not shown), which may
have a higher affinity for phosphorylated compounds be-
cause of the structural differences or due to the electron
saturation. The mechanism of the binding of phosphorylated
biomolecules to Al,O; has been described previously and
seems to be a form of ligand exchange mechanism [35].

We suggest that release of phosphorylated compounds
from the matrix during MOAC experiments follows a similar
mechanism:

Al,0;H,0;P-Protein + H,0;P-X <> H,0;P-Protein +
ALO;H,0,P-X (1)

Al(OH), H,0;P-Protein + H,0;P-X <> H,0;P-Protein +
Al(OH), H,0,P-X 2)

The usefulness of the method was shown not only with
standard proteins but also with a complex leaf cell extract
from A.thaliana. This enrichment for phosphoproteins
makes further analysis much easier. We were able to identify
many proteins known to be phosphorylated in different spe-
cies. Interestingly, one of the proteins was a sucrose-phos-
phate synthase isoform, which is known to be phosphorylat-
ed in spinach. In a recent study, we used several synthetic

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

peptides of the putative phosphorylation sites within the
sucrose-phosphate synthase protein family for the analysis of
kinase activities [19]. Based on these studies the different
phospho-sites exhibited different behavior, indicating a vari-
able multitsite phosphorylation dynamic of the protein.
However, the protein isoforms are known to be expressed in
hardly detectable amounts in A. thaliana. Therefore, the
enrichment of this protein is an essential requirement for
further investigations on the in vivo phosphorylation.

We evaluated the enrichment of phosphorylated peptides
from a tryptic digest of o-casein using MOAC. It was possible
to capture and release phosphopeptides with one up to five
phosphorylation sites. The coverage of almost all known
phosphorylation sites in o-casein in parallel with the absence
of non-phosphorylated peptides demonstrates the selectivity
and specificity of the MOAC procedure even for the enrich-
ment of phosphopeptides.

Taken together with the results for columns packed with
titania published by other groups [22-25, 36], we conclude
that after optimization, affinity of phosphorylated peptides
and proteins to metal oxides and metal hydroxides can be
used for purification. For a schematic overview of the strategy
see Fig. 4.

In addition, the conditions developed for specific binding
in our experiments might help to improve IMAC, which still
shows specificity problems. In the future, the enrichment of

www.proteomics-journal.de
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I Protein extraction/separation from DNA/RNA with phenol |

| Precipitation of proteins with acetone l

A
Resuspension of the pellet in loading buffer and
enrichment of phosphorylated proteins with MOAC

Precipitation of proteins with methanol/chloroform " ) N ]
and separation of proteins (i.e. SDS-PAGE) ‘ @Of proteins

‘ In-gel-digestion of enriched proteins (trypsin/elastase) ‘

Analysis of peptides using mass spectrometry and

data processing with sequest and dtaselect

Figure 4. Strategies for the analysis of phosphoproteins in com-
plex samples using the MOAC procedure. (A) Scheme of the

method presented here with protein separation on SDS-PAGE.
(B) Scheme for the direct analysis of enriched phosphoproteins.

phosphorylated proteins and peptides will be combined to
identify phosphorylation sites and at the same time improve
reliability of identification through higher sequence coverage.

We thank Megan McKenzie for revising the manuscript. We
thank the Max Planck Society for financial support and Wolf D.
Lehmann, Mark Stitt and Mirko Glinski for valuable discussion.
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Chapter II1: Detection of protein phosphorylation &
determination of phosphorylation sites

In this chapter techniques for the general detection of protein phosphorylation and for
phosphorylation site pinpointing are described and discussed. All techniques have been
applied to plant material. The general detection techniques comprise: labelling with
radioactive **P, labelling with a fluorescent probe, detection using anti-phosphoaminoacid-
antibodies, phosphatase treatment in combination with mass shift analysis, and finally mass
spectrometry based methods alone. Likewise, there is a variety of methods that can be used
for protein phosphorylation site pinpointing. Site-specific protein phosphorylation analysis
was classically performed using **P labelling or chemical derivatisation in combination with
Edman sequencing. The onset of biological mass spectrometry led to the interpretation of
specific fragmentation patterns characteristic for phosphorylated peptides using different

instrumental setups.

III.1. Antibodies

General phospho-specific and phosphorylation site-specific antibodies can, in concert
with an appropriate secondary antibody or directly coupled to an enzyme/fluorescent stain, be
used to detect phosphorylation. This method has been successfully applied to detect tyrosine,
serine, and threonine phosphorylation in plants [149-152]. However, the drawbacks of

antibody based approaches mentioned above (chapter II) have to be considered.
II1.2. Strategies relying on chemical derivatisation

Peptides phosphorylated on serine and threonine can undergo beta elimination during
fragmentation in a mass spectrometer. This neutral loss of phosphoric acid often leads to
incomplete fragmentation of the peptide in mass spectrometry based analyses and complicates
the interpretation of spectra. To circumvent this problem the phosphate group can be replaced

with a more stable residue resulting in more informative fragmentation spectra (figure 7).
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Fig. 7: Derivatisation of a doubly phosphorylated peptide by beta elimination and

consecutive addition of methylamine. A, B: MS trace of the original peptide and the peptide
derivatised with methylamine, respectively. C, D: MS’ spectra of A and B. The derivatised
peptide delivers a spectrum with more sequence information compared to the original
peptide that displays almost exclusively the loss of one and two molecules of phosphoric

acid ([M-98]** and [M-196]*).

To this end beta elimination of H;PO, followed by Michael addition can be used for
peptides phosphorylated on serine and threonine, always considering the disadvantages named
before (chapter II). This technique has indeed been used to map phosphorylation sites in plant
proteins [59, 74, 153]. However, because of the possible side reactions it is most useful to
study known protein phosphorylation sites with high phosphorylation stoichiometry in greater

detail.

II1.3. Radioactive labelling

For a long time labelling with radioactive **P has been the method of choice due to its
sensitivity and selectivity. Usually, cell cultures or parts of plants are fed with **P-
orthophosphate in vivo. Alternatively, radioactive y-ATP is applied in in vitro labelling
experiments using purified enzymes and/or substrates (i.e. [85]). These procedures are
followed by the extraction of proteins and detection of phosphorylation using scintillation

counting and/or phosphor-imaging.
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Not only is **P labelling used to detect phosphorylation but also to identify the peptide
and ultimately the amino acid, which is phosphorylated. This can be achieved by Edman
sequencing and mass spectrometry as discussed below. Even though 32p labelling is still the
most sensitive approach for the detection of phosphorylation it has two major drawbacks.
Firstly, there are handling and waste disposal complications since *’P is a radioactive
compound and stringent safety rules apply for the use of it. The second and even more

concerning issue is that the incorporation of radioactive phosphorus may considerably

alter the in vivo state of the cells compared to non-radioactive phosphorus as has been shown

in studies involving mammalian cells [154, 155].

III.4. Phosphatase treatment

The treatment of phosphorylated proteins/peptides with a phosphatase results in
dephosphorylation accompanied by a mass shift of 80 Da. This approach has been described
for different plant phosphoproteins and is a good means to detect and confirm
phosphorylation if sample amount is not a limiting factor (one analysis before and one after
phosphatase treatment is performed). For example, phosphorylation sites identified in proteins
of the moss Physcomitrella patens were confirmed using phosphatase treatment and mass
spectrometry [156]. Detection of phosphorylation of the bifunctional enzyme 6-
Phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2-phosphatase from A. thaliana was
supported by alkaline treatment of the whole complex followed by the occurrence of a mass
shift after SDS-PAGE [157]. However, phosphatase treatment in combination with mass shift

measurements is only a general proof of phosphorylation.
III.5. Edman Sequencing

This technique developed by Pehr Edman led to a major breakthrough in
biotechnology. For the first time, the amino acid sequence of a protein could be elucidated.
Edman sequencing relies on the sequential degradation of the amino acids at the N-terminus
of a polypeptide chain, which is coupled to a solid phase. The reagent phenylisothiocyanate
(PTC) is added to the coupled peptide and the modified N-terminal amino acid can be
selectively detached under strongly acidic conditions. The resulting amino acid derivatives are
analysed using HPLC. By comparing the elution behaviour of the sample and standard amino

acid derivatives stepwise peptide sequencing can be performed. If a phosphopeptide sample
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was marked with **P phosphorylation site, pinpointing can be achieved by concominant
measurement of *2P activity (e.g. [158]). The major drawbacks are that the proteins to be
sequenced have to be purified almost to homogeneity in advance and that it is time

consuming.

II1.6. Prediction programs / phosphorylation site

databases

There are several phosphorylation site prediction programs available, which rely on
different algorithms to elucidate the probability of phosphorylation on specific amino acids
for any given protein. However, because of the enormous complexity of the cellular
proteome, prediction programs still tend to lead to false positive results and their output has to

be handled with care [159].

Also, several databases have been constructed, which contain data on experimentally
verified phosphorylation sites (see appendix of the thesis for a collection of database links).
There is even a major one for data repository on phosphorylation sites in plants called
PlantsP, which however, does not contain much information on in vivo sites at the moment.
As these databases are growing they are becoming more and more useful for the researcher
and they will probably play an important role in the future for serving as encyclopaedias of

phosphorylation sites and for the development of more sophisticated prediction programs.
III.7. Mutation analysis

Putative or experimentally identified protein phosphorylation sites can be mutated to
confirm phosphorylation and/or to study its biological impact. To this end, mutants are
generated with a single amino acid substitution at the phosphorylation site and compared to
the wildtype form [160]. This technique is very useful for functional studies of experimentally
established phosphorylation sites. However, due to its time consuming and laborious nature it

is not generally employed in the search for unknown phosphorylation sites.
III.8. Dye technology

Dyes have been recently developed, which selectively stain phosphorylated proteins

and peptides no matter if they are phosphorylated on serine, threonine, or tyrosine [161-163].
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These dyes rely on the recognition principle of inorganic phosphate receptors developed by
chemists [164-166]. The structure of the commercially available Pro-Q stain (Molecular
Probes) is still a company secret but it is likely to be similar to the published structures. This
dye seems to be very selective when a detailed protocol is stringently followed. In figure 8 the
enrichment of phosphorylated proteins from A. thaliana cell cultures by aluminum hydroxide
is shown. Phosphoproteins were enriched, subjected to SDS-PAGE and selectively stained by

Pro-Q. Total protein content was visualised by coomassie staining.

E Fig. §8: Enrichment of phosphorylated
proteins from A. thaliana cell cultures using
aluminum hydroxide was followed by SDS-PAGE
and selective staining of phosphorylated proteins. A:
Staining of phosphorylated proteins with Pro-Q. B:
Total protein staining with Coomassie. M: marker;
E: eluate (enriched fraction). The arrow indicates
the only phosphorylated protein in this marker

(ovalbumin).

The only phosphorylated protein in the marker

gives a positive signal using Pro-Q stain, while other
marker proteins fail to be detected. In addition, the phosphoprotein fraction delivers clearly a
stronger signal in the Pro-Q staining than the sample before enrichment, even though the
protein amount is higher in the original sample. However, it should be noted that O-
sulfonation can also contribute to the staining, albeit apparently to a lesser extent [163]. A big
advantage of these stains is their compatibility with enzymatic in-gel digestion and mass
spectrometry. A protein of interest can be subjected to gel electrophoresis, preliminarily
examined for its phosphorylation, digested, and finally analysed by mass spectrometry. The
disadvantages are the failure to differentiate between the three phosphorylated residues and
the lower sensitivity when compared to *°P labelling and antibody based approaches.

However, fluorescent staining was found to greatly facilitate phosphoprotein analysis.
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II1.9. Fragmentation techniques in biological mass

spectrometry

Depending on the instrument type used there is a variety of different fragmentation
signatures typical for phosphopeptides, which can be used for the detection of
phosphorylation and/or for the determination of phosphorylation sites. Every fragmentation
technique leads to different fragmentation patterns, some of them leaving the phosphorylation
intact, while others evoke the detachment of the phosphate group during the fragmentation
process. Since mass spectrometry based methods rely on the determination of mass to charge
ratios (m/z) the similarity of the mass shifts caused by phosphate (+ HPOs3) and sulfate (+SO3)
ester formation (the difference is only 0.009 mass units) is of concern. Only high precision
and very expensive instruments like an FTICR (Fourier Transform Ion Cyclotron Resonance)
mass spectrometer are able to distinguish between these two compounds following the m/z

values.

However, it was reported that CID (Collision-Induced Dissociation) fragmentation of
peptides phosphorylated at serine or threonine residues leads to a loss of about 98 Da
(corresponding to H3;POy), while the sulphated counterparts lose 80 Da (corresponding to
HSO3 ) [113]. This special behaviour of phosphopeptides can be used to determine if a
peptide is phosphorylated on a serine/threonine or not by searching for a loss of 98 Da
(H3POy) in the positive or for 79 Da (PO3’) in the negative mode [167-169]. Phosphorylation
on tyrosine residues is usually more stable, but a loss of 80 Da (HPO3) in the positive mode or
presence of the immonium ion of phosphotyrosine (216.043 m/z) is a good indicator of
tyrosine phosphorylation. However, one should be aware of the fact that peptides sulphated at
tyrosine might also loose 80 Da (SO3’) in the positive mode [113, 170] and that the nominal

mass of 216 Da can also be generated by other ions [171].

CID and PSD (Post-Source Decay) are the most common fragmentation techniques.
The remaining techniques, however, promise to be important in future research projects

involving plant phosphoproteomics.

I11.9.1. PSD (Post-Source Decay)
PSD is a fragmentation technique typical for MALDI-ToF-MS instruments (Matrix

Assisted Laser Desorption Ionisation-Time of Flight- Mass Spectrometry). It relies on

metastable fragmentation processes proceeding in the flight tube when the instrument is used

32



Detection of protein phosphorylation & phosphorylation site determination

in the reflector mode. However, this kind of fragmentation often results in spectra, which are
hard to interpret and loss of phosphoric acid and related compounds from phosphopeptides is

also commonly observed complicating the identification of phosphorylation sites.

I11.9.2. ECD (Electron Capture Dissociation) and ETD (Electron
Transfer Dissociation)

ECD and ETD are similar fragmentation techniques, which have the big advantage,
that posttranslational modifications such as phosphorylation stay intact during the
fragmentation process because of a milder fragmentation procedure [172-175]. ECD was
introduced by McLafferty and coworkers and relies on the exposure of multiply protonated
peptides to electrons in an FTICR mass spectrometer [176]. The capture of electrons is
associated with the fragmentation of the peptide mostly into ¢ and z type ions. Unfortunately,
ECD is only possible on the very expensive FTICR instruments and not on more affordable
mass spectrometers like ion traps since the molecules have to be held in a special energy
stage, which is not easily achieved in ion traps. To overcome this limitation, Syka et al.
developed a special interface for ion trap mass spectrometers that facilitates a process which
is comparable to ECD [173]. This process is called ETD and also involves the transfer of
electrons to protonated peptides. In this technique radical anionic species of polyaromatic
hydrocarbons like fluoranthene are introduced into the trap and transfer electrons to multiply
protonated peptides. This transfer leads to an internal fragmentation process believed to be
equivalent to the one when using ECD. A slightly modified process can be used to sequence

larger peptides of more than 20 amino acids and even proteins [172].

Unfortunately, these techniques are still not widely distributed since suitable
instrumentation is very expensive (ECD) or only rarely available (ETD). However, they hold

great promise for further research on protein phosphorylation.

111.9.3. CID (Collision-Induced Dissociation) / MS?® fragmentation

CID is the most commonly applied fragmentation technique and applies to instrument
types such as ion traps and triple quadrupole mass spectrometers. Peptide precursors are
protonated on the peptide backbone, recorded (MS), and fragmented using a collision gas like
helium or argon (MS/MS or MS?). It is in this fragmentation step that the characteristic loss of

98 for phosphoric acid can be observed.

These fragments can then be fragmented further to yield even more detailed and

reliable information of the peptide sequence (MS/MS/MS or MS?; figure 9).

33



Detection of protein phosphorylation & phosphorylation site determination

. Parent ion
Ea MS Survey Scan <
=
m/z l
MS/MS scan on peptide candidates
£&| Parention-H,PO,
2 No!
E Neutral loss peak detected? 2
— m/z l Yes!
Neutral loss peak one of the five No!
most abundant peaks?
& l Yes!
g ‘ ‘ ‘ MS/MS/MS scan
£ |
m/z
Database searching and manual
inspection
Fig. 9: Outline of a neutral loss-based CID dependent method used to analyse
phosphopeptides.

This second fragmentation step is especially useful, when phosphopeptides are to be
analysed since CID often leads to a dominant loss of phosphoric acid from the peptide
precursor in the first fragmentation step, which hinders fragmentation of the peptide backbone
compared to unmodified peptides and complicates MS/MS analysis. The MS? step helps to
overcome this problem by fragmenting the resulting dominant peak and the site of
phosphorylation can, in the case of phosphoserine and phosphothreonine, be assigned

indirectly by the identification of the respective dehydro-residues found in the MS* spectrum.

I11.9.4. Combining phosphoprotein enrichment and the detection
of phosphorylation sites

The non-targeted approach

By a combination of phosphoprotein enrichment using the developed method based on
aluminum hydroxide and of the neutral loss driven MS® approach described above it was
possible to identify phophopeptides and determine phosphorylation sites in over 30 proteins

from C. reinhardtii and A. thaliana leaves, cell culture, and seeds (see table II).
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Table 11: Identified phosphopeptides

Accession nr.

Protein Description

| Phosphopeptide sequence

A. thaliana

At5g1110 Sucrose-phosphate synthase R.ISpSVDVFENWFAQHK.E (in vitro!)
At5g52300 low-temperature-responsive 65 kD protein (LTI65) / desiccation- R.MKVTDEpSPDQKSR.Q
responsive protein 29B (RD29B) K.ESDINKNpSPARFGGESK.A
K.LPLSGGGpSGVKETQQGEEK.G
K.LGYTGENGGGQSEpSPVKDETPR.S
K.GAVTSWLGGKPKpSPR.S
R.EAHQEPLNpTPVSLLSATEDVTR.T
At4g11740 Ara4 interacting protein, putative R.SGpSPEEEHASINPAER.G
At3g12960 expressed protein similar to seed maturation protein from [Glycine R.DIKDIKGTRTDDpSPR.-
max]
At1g01100 60S acidic ribosomal protein P1 (RPP1A) K. KKDEPAEEpSDGDLGFGLFD.-
At2g27710 60S acidic ribosomal protein P2 (RPP2B) K.KEEKEEpSDDDMGFSLFE.-
At4925890 60S acidic ribosomal protein P3 (RPP3A) K. KKEEpSEEEEGDFGFDLFG.
At3g11250 60S acidic ribosomal protein PO (RPPOC) K.KEEpSDEEDYEGGFGLFDEE.-
At39g09200 60S acidic ribosomal protein PO (RPPOB) K VEEKEEpSDEEDYGGDFGLFDEE.-
At2g40170 Em-like protein R.KEQLGTEGpYQOMGR.K
At5g40420 glycine-rich protein / oleosin R.HFQFQpSPYEGGR.G
At19g07985 Expressed protein R.KLVDKVVGSSSPTNIHpSK.S
At5g50600 short-chain dehydrogenase/reductase (SDR) family protein similar to R.STLYPESIRTPEIKpSD.-
sterol-binding dehydrogenase steroleosin from [Sesamum indicum] R.ELGpSPNVVTVHADVSKPDDCRR.I
At1929350 expressed protein R.SGpSTHFSSTDSGNFQGK.S
R.ELDFQYpSPFSAQQSMQSR.T
At4925580 stress-responsive protein-related contains weak similarity to Low- R.RGAPTLTPHNTPVSLLpSATEDVTR.T
temperature-induced 65 kDa protein R.RGAPTLpTPHNpTPVSLLSATEDVTR.T
R.GAPTLpTPHNTPVSLLSATEDVTR.T
K. VTDPIGKpSTGEIGAASTVSAIGR.L
At4g31700 40s ribosomal protein S6 (RPS6A) R.SRLpSSAAAKPSVTA.-
At5g65410 Zinc finger homeobox R.ERpSEDPoMETSSAESGGGIR.K
At3928920 Zinc finger R.SoMDoMTPKpSPEPESETPTR.1
At2g37340 Splicing factor RSZ33 R.DRpSPVLDDEGSPK.I
At29g28490 Cupin family protein K.GpSGpSpSECEDSYNIYDKK.D
At2g21490 Dehydrin family protein K.FGpSGKHKDEQTPATATTTGPATTDOPHEK.K
At5g57655 Xylose isomerase family protein KAMEVpTHYLGGENYVFWGGR.E
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At3g44110 DNAJ heat shock R.GEDVVHPLKVSLEDVYLGpTMK.K
At1g13020 EIF4B5 R.KADTEVSEpTPTAVK.T
At1g53310 phosphoenolpyruvate carboxylase K.oMApSIDVHLR.Q
At5g61780 tudor domain-containing protein / nuclease family protein R.TGIWEYGDIQpSDDEDNVPVRKPGRG.-
C. reinhardtii
10 kDa photosystem Il polypeptide, K.VGLNpSIEDPVVK.Q
163724 similar to At1g79040, chloroplast-targeted
155812 Uncharacterized conserved protein, K ATADpSDDEGESAKPASTSLGAAAAASGK.E
contains BSD domain
153417 No annotation R.KLESAApTVAER.Q
K.VAVAPPSRPGpSGK.V
R.SGpSAKVAVAPSR.Q
166149 RubisCO activase, chloroplast R.SIDAGVDApSDDQQDITR.G
precursor
159642 major component of the salt-soluble RATASGGAALApSVENGSSAPSAGK.D

outer vegetative cell wall

All sequences are tryptic. pT, pS, pY: phosphothreonine,-serine,and —tyrosine; oM: oxidized methionine. .-: end of sequence. Cleavage sites are marked with a

dot. Green: highly reliable (identification and site determination); Blue: most probably true (exact site unsecure); red: supported by some observations (found in

enriched fraction, high Xcorrs, phosphorylation suggested by the annotation program but no MS® spectrum available due to the lack of a dominant neutral loss, no ions

for phosphorylated residue(s)). At least one additional peptide was found for every protein, most hits are supported by more than three additional peptides.
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To avoid annotation of false positives, stringent filtering criteria (Xcorrs: 2.0, 2.5, 3.5
for singly, doubly, and triply charged peptides, respectively. At least two peptides identified
for every protein) were applied and all spectra were inspected manually. A high stringency is
of crucial importance for mass spectrometry based phosphopeptide analysis and is explained
in detail in the pitfalls section. Many of the proteins for which phosphorylation sites were
found in A. thaliana seeds could be confirmed to be seed specific and are therefore interesting
targets for studies on seed germination (see publication at the end of this chapter). On the
other hand, a whole set of phosphorylated ribosomal proteins, which are not expressed in a
tissue specific manner could be identified. These proteins belong to the group of 60 s
ribosomal acidic proteins and are phosphorylated at their C-termini. Many of these proteins
have been reported to be phosphorylated at homologues sites in other organisms so their
phosphorylation seems to be a general mechanism and probably plays a role in protein
biosynthesis. This non-targeted approach delivered important insights into plant protein

phosphorylation and was among the very first in the field of plant phosphoproteomics.

To further investigate the possibility of using this methodological setup for a more
hypothesis-driven approach I chose to examine the putative phosphorylation of

phosphoenolpyruvate carboxylase and malate dehydrogenase (see next paragraph).

It was also investigated if a double enrichment procedure (phosphoprotein enrichment
followed by phosphopeptide enrichment) was more effective than phosphoprotein enrichment

alone.

Therefore, phosphoproteins of C. reinhardtii or A. thaliana cell cultures were enriched
using aluminum hydroxide and applied to SDS-PAGE. Either, the proteins (about 25 ug) were
separated for 1.5 h at 120 volts, 10 lanes were cut out of the gel, digested separately and
peptides analysed as explained in the appendix of this thesis, or proteins (about 50 ug) were
only desalted by SDS-PAGE (run for 10 min at 120 volts), digested as mixture, and
phosphopeptides were enriched by titania performed by Dr. Ralf Kriiger (DKFZ, Heidelberg).
Peptides were analysed as described in this chapter and in the appendix at the end of this
thesis. The results show that neither the single nor the double enrichment procedure resulted
in the identification of a large number of phosphopeptides (table III). This can be explained
partly by the fact that the amount of sample in these experiments was not very high. However,
it could be observed that the vast majority of peptides (over 90%) identified after the double

enrichment procedure were not phosphopeptides indicating that specific enrichment of
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phosphopeptides out of such complex mixtures as the ones under investigation is difficult to

achieve.

Table 111: Phosphopeptides identified after single phosphoprotein enrichment and

after combined phosphoprotein & phosphopeptide enrichment

A. thaliana cell culture
Accession nr. Protein Sequences Protein Protein &
enrichment peptide
enrichment
At5g61780.1 tudor domain- R.TGIWEYGDIQpSDDEDN + -
containing protein / VPVRKPGRG.-
nuclease family
protein
Atlg53310.1 phosphoenolpyruvate K.oMApSIDVHLR.Q + +
carboxylase
At13g09200.1 60S acidic ribosomal K VEEKEEpSDEEDYGGDF + +
protein PO (RPP0OB) GLFDEE.-
At4g25890.1 60S acidic ribosomal KKEEpSEEEEGDFGFDLF + +
protein P3 (RPP3A) G.
At3g11250.1 60S acidic ribosomal K. KEEpSDEEDYEGGFGLF - +
protein PO (RPP0C) DEE.-
C. reinhardtii
JGI Protein Sequences Protein Protein &
accession nr. enrichment peptide
enrichment
10 kDa photosystem K.VGLNpSIEDPVVK.Q - +
163724 I polypeptide,
similar to
At1g79040,
chloroplast-targeted
155812 Uncharacterized KATADpSDDEGESAKPAS - +
conserved protein, TSLGAAAAASGK.E
contains BSD
domain
153417 Putative protein R.KLESAApTVAER.Q + +
K.VAVAPPSRPGpSGK.V + +
R.SGpSAKVAVAPSR.O + -
166149 RubisCO activase, R.SIDAGVDApSDDQQDITR - +
chloroplast .G
precursor
159642 major component of R.ATASGGAALApSVENGSS - +
the salt-soluble APSAGK.D
outer vegetative cell
wall
167609 Proline rich region K.GTGFSALFATPK.R + -
protein K. TGSGFSFFGTGK.V + -

-: end of sequence. All sequences are tryptic. Cutting sites are marked with a dot.

At the state used, the combined enrichment resulted in a comparable number of

identified phosphopeptides in a shorter period of time since ten analyses (ten gel pieces, ten

extractions, ten LC/MS runs) were necessary for the phosphoprotein samples while only one

analysis (one gel piece, one extraction, one (however quite long) LC/MS run) was needed for
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the doubly enriched sample. However, to obtain maximal information for the doubly enriched
sample (maximal sequence information) one should analyse the flow through as well, which
doubles the time for analysis and the time needed for the enrichment procedure has also be
taken into account. The improvement of the phosphopeptide enrichment procedure used or the

application of alternative methods might overcome the unspecifity problem.

However, the reader might be disappointed by the rather low number of reported
phosphopeptides using the non-targeted approach. This is partly because much of the work
was dedicated to time consuming method development and considerably less time could be
dedicated to the generation of inventory lists but can not be explained by this issue alone. In
the plant field there are two publications which can serve as excellent sources of comparison.
Both were published very recently and claim the identification of hundreds of
phosphoproteins from A. thaliana and C. reinhardtii, respectively. In fact, there are diverse
reasons for this discrepancy but the most obvious one is that these studies operate with
material that is already enriched in phosphorylation before IMAC based phosphopeptide
enrichment. This is either by using tissue naturally rich in phosphorylation i.e. membranes
[119] or by treating the tissue in vivo with phosphatase inhibitors long before protein
extraction to artificially elevate the level of phosphorylation [177]. While the former is an
attractive approach to obtain more data on protein phosphorylation the latter one opens up a
few questions. Does the phosphorylation one measures after incubating for a long time with
phosphatase inhibitors reflect the in vivo situation (i.e. does the addition of phosphatase
inhibitors before harvest only increase naturally occurring phosphorylation) or might it be that
artificial phosphorylation is introduced by this treatment leading to the identification of false
positives? Additionally, the criteria accepted to be reliable for successful identification vary
between studies making a direct comparison of the numbers of identified phosphopeptides
difficult. As will be discussed in this chapter, the neutral loss driven MS? approach for the
identification of phosphopeptides, which is used in many recent phosphopeptide studies has
not only its merits can also lead to the identification of false positives if not applied with care.
Also, the initial criteria used for filtering data obtained after database analysis often vary to a
large extent between studies and some researchers define a phosphopeptide with a missed
cleavage compared to the same peptide without missed cleavage as an additional hit to
enlarge their list of identified phosphopeptides, others count those two peptides as one
phosphopeptide. Since missed cleavages occur quite frequently this issue should be

considered when comparing lists of peptides.
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It is indeed difficult to determine the best criteria and it is a source of ongoing
controversy between researchers that apply proteomics [95, 178, 179]. Solutions to this
problem are a matter of ongoing research but until now manual validation and the application

of stringent filtering criteria are often the only way to obtain high quality data.

Investigating phosphorylation of phosphoenolpyruvate carboxylase and
malate dehydrogenase

Phosphoenolpyruvate carboxylase (PEPC) and malate dehydrogenase (MDH) are two
key enzymes of central plant metabolism. Even though there are several isoenzymes with
diverse function the general idea is that the function of these two enzymes is connected. The
oxaloacetate produced by PEP carboxylase can be transported to the mitochondrion where it
is converted to malate by mitochondrial malate dehydrogenase [180-182]. Oxaloacetate as
well as malate participates in the anaplerotic reactions that replenish the tricarboxylic acid
cycle. As stated before, phosphorylation plays an important role in the regulation of several
key enzymes in plant metabolism. One of the most thoroughly investigated enzymes in this
regard is PEPC. On the other hand there is no report known to the author on phosphorylation
of plant malate dehydrogenase and thus these two enzymes were selected for a hypothesis-

driven approach.

In A. thaliana four genes are known to code for different PEPC isoforms. While one
isoform does not show the phosphorylation consensus motif (E/D)(K/R)XYS*IDAQLR
(PEPC4; Atl1g68750) two of them display this motif exactly (PEPC2; At2g42600 and PEPC3;
At3g14940) and one (PEPC1; Atl1g53310) bears only a slight variation of this motif in which

alanine is replaced by valine and glutamine by histidine (figure 10).

PEPC1 MANRKLEKMASIDVHLRQLVPGKVSEDDKLVEYDALLLDRFLDILQDLHG-~———~~ EDL 53
PEPC3 MAGRNIEKMASTDAQLRQLVPAKVSEDDKLVEYDALLLDRFLDILQDLHG-—————~ EDL 53
PEPC2 MAARNLEKMASIDAQLRLLAPGKVSEDDKLIEYDALLLDRFLDILQDLHG-~———~~ EDV 53
PEPC4 e MTDTTDDIAEEISFQSFEDD-———— CKLLGSLFHDVLQREVGNPFMEKVERT 47
Fig. 10: Sequence alignment of the different A. thaliana PEPC isoforms. Only the

first part of the sequence is shown. The phosphorylation site is marked in bold italic and

underlined.

To this end phosphoproteins were enriched using aluminum hydroxide and separated
by SDS gel electrophoresis. Protein bands corresponding to the size of a PEPC subunit (about
100 kD) or of malate dehydrogenase (about 36 kD) were cut out of the gel and proteins were
trypsinized. Peptides were submitted to nano-HPLC and directly eluted into a linear ion trap

mass spectrometer. Both enzymes were reliably identified after this procedure and the
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evaluation of MS® spectra suggested the finding of phosphorylation sites for both of them.
However, after careful validation, only the site of the PEPC could be maintained. These two
examples are well suited to illustrate the possibilities but also the pitfalls one encounters when

applying the suggested procedure.

Proofs for phosphorylation of PEPC1 came from several directions. Initial
identification was made by a MS? spectrum of the respective peptide, verified by the
corresponding MS? spectrum and ultimately by comparing the experimentally obtained
spectra to spectra derived from a synthetic peptide. This confirmation supports the assumption
that regulation of PEPC by phosphorylation on the respective residue is a common theme in
the plant kingdom and is valuable information for all researchers working on this important
enzyme. At the same time this result shows that the approach 1 used is suitable not only for

non-targeted analyses but also for the verification of a hypothesis.

For malate dehydrogenase one MS® spectrum also strongly suggested phosphorylation.
However, when comparing the actual neutral loss stemming from the MS? spectrum (32 Da)
to the theoretical value (49 Da) a clear discrepancy became obvious. The answer to this and
related cases can be found in the following paragraph and in the relevant publication attached

to this chapter.

II1.9.5. Pitfalls of  CID-dependent neutral loss-based
phosphopeptide analysis

Besides the many advantages the CID-based method has, there are also potential

pitfalls that have to be considered. The first question one might ask is whether it is true that

the dominant loss of 98 Da is indeed always restricted to phosphorylated peptides. To clarify

this important issue the MS? and MS’ spectra were examined in detail.

There are several possibilities how losses, which are not related to phosphorylation
can mimic the loss of phosphoric acid. To clarify this issue one should consider the following:
a peptide is modified with an unknown compound which corresponds to a value of about 32,
49, or 98 Da (which also correspond to the loss of phosphoric acid of a triply, doubly, or
singly charged ion, respectively). This unknown modification may be for example oxidation
of methionine. This modification often leads to a dominant [M-64]"" ion (loss of methane
sulfenic acid, HSOCH3) [183]. If the precursor is doubly charged, this means a loss of 32 Da,
which is very close to the 32.7 Da observed for a loss of phosphoric acid from a triply charged
precursor. Subsequently, an MS® fragmentation step is triggered because the program does not

incorporate the information of the charge state. The resulting MS® spectrum can then, because
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of sequence identity or because of the enormous number of possible combinations, match to a
totally different peptide than the MS? spectrum and can lead to the false positive identification
of a phosphopeptide. In fact, this kind of behaviour was observed quite often and increasingly
when not applying rigorous filtering criteria. While the original database search with the MS?
spectrum leads to the identification of a presumably phosphorylated A. thaliana peptide, a
modified database search including MS? spectra and the additional modification of minus 48
(loss of methane sulfenic acid) can reveal that indeed a methionine oxidation and not
phosphorylation was responsible for triggering a MS® spectrum. This was also true for the
mysterious phosphorylation site of malate dehydrogenase (for details see relevant publication

on methionine oxidation and phosphopeptide analysis in RCM).

Consequently, the information of the MS” spectrum has to be considered: does the
presumed loss of phosphoric acid match the charge state of the MS? peptide (e.g. is a loss of
49 from the precursor observed for a doubly charged ion)? Additionally, direct information
about the site of phosphorylation can in some cases be gathered from the MS? spectrum and

thus contribute to reliable phosphorylation site identification.

A highly suspicious candidate for false identifications is also sulfonation because of its
similarity to phosphorylation. As stated before Medzhiradsky et al. report the specificity of a
loss of 98 Da for a peptide phosphorylated on serine compared to the loss of 80 Da for the
same peptide sequence but bearing a sulfated serine instead of the phosphorylated one [113].
However, this study only gives one example and there is no study that systematically
investigates the impact of the amino acid sequence on the fragmentation of a peptide sulfated

on serine and threonine.

Therefore, it was investigated whether this was true for a broader range of modified
peptides. For this purpose a set of 12 peptides was selected, suitable to determine if amino
acids directly neighbouring the modified amino acid can influence the fragmentation
behaviour (see table IV). This set was generated by altering the sequence of a peptide from

pyruvate carboxylase, which had been determined to be phosphorylated (see above).

Indeed, all of the tested peptides phosphorylated on serine or threonine displayed a
dominant loss of 98 Da and all of the cognate sulfated peptides a loss of 80 Da thus
confirming the assumption that the fragmentation behaviour was indeed characteristic and
specific and did not depend on the amino acid residues directly neighbouring the modified

amino acid.
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Table IV: Peptide sequences used to investigate the fragmentation behaviour of
sulfated and phosphorylated peptides:

Peptide sequence

AL . . e
MAS*"#IDVHOLR #: sequences were investigated unmodified, sulfated, or

MIS*"#IDVHQLR phosphorylated on the preceding residue. Sulfated peptides were

MKS*"4IDVHQLR

MPS*"IDVHQLR generated from unmodified peptides by the protocol described in

MFS*"4IDVHQLR

MAS*"#PDVHQLR [113].

MAS*"4#KDVHQLR

MAS*"4ADVHQLR

MAS*"4#FDVHQLR

MAT*"4IDVHQLR

MAY*"4IDVHQLR

However, some sulfated peptides in addition showed a loss of 98 Da represented by

one of the three most abundant peaks (figure 11).

. . 2
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abundant peaks in the MS?
fragmentation step it can trigger MS® fragmentation automatically and leads to a false positive
hit. However, manual inspection of the MS? spectra can easily reveal this pitfall and is

therefore strongly recommended.

43



Detection of protein phosphorylation & phosphorylation site determination

Appendix chapter III

Wolschin, F. & Weckwerth, W. Combining metal oxide affinity
chromatography (MOAC) and selective mass spectrometry for

robust identification of in vivo protein phosphorylation sites. Plant
Methods 1,9 (2005).

Wolschin, F. & Weckwerth, W. Methionine oxidation in peptides -
a source for false positive phosphopeptide identification in neutral
loss driven MS”>. Rapid Commun Mass Spectrom in press (2006).
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Abstract

Background: Protein phosphorylation is accepted as a major regulatory pathway in plants. More than
1000 protein kinases are predicted in the Arabidopsis proteome, however, only a few studies look
systematically for in vivo protein phosphorylation sites. Owing to the low stoichiometry and low abundance
of phosphorylated proteins, phosphorylation site identification using mass spectrometry imposes
difficulties. Moreover, the often observed poor quality of mass spectra derived from phosphopeptides
results frequently in uncertain database hits. Thus, several lines of evidence have to be combined for a
precise phosphorylation site identification strategy.

Results: Here, a strategy is presented that combines enrichment of phosphoproteins using a technique
termed metaloxide affinity chromatography (MOAC) and selective ion trap mass spectrometry. The
complete approach involves (i) enrichment of proteins with low phosphorylation stoichiometry out of
complex mixtures using MOAC, (ii) gel separation and detection of phosphorylation using specific
fluorescence staining (confirmation of enrichment), (iii) identification of phosphoprotein candidates out of
the SDS-PAGE using liquid chromatography coupled to mass spectrometry, and (iv) identification of
phosphorylation sites of these enriched proteins using automatic detection of H;PO, neutral loss peaks
and data-dependent MS3-fragmentation of the corresponding MS2-fragment. The utility of this approach is
demonstrated by the identification of phosphorylation sites in Arabidopsis thaliana seed proteins.
Regulatory importance of the identified sites is indicated by conservation of the detected sites in gene
families such as ribosomal proteins and sterol dehydrogenases. To demonstrate further the wide
applicability of MOAC, phosphoproteins were enriched from Chlamydomonas reinhardtii cell cultures.

Conclusion: A novel phosphoprotein enrichment procedure MOAC was applied to seed proteins of A.
thaliana and to proteins extracted from C. reinhardtii. Thus, the method can easily be adapted to suit the
sample of interest since it is inexpensive and the components needed are widely available. Reproducibility
of the approach was tested by monitoring phosphorylation sites on specific proteins from seeds and C.
reinhardtii in duplicate experiments. The whole process is proposed as a strategy adaptable to other plant
tissues providing high confidence in the identification of phosphoproteins and their corresponding
phosphorylation sites.
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Background

The proteome of different developmental stages of any
kind of organism reflects more directly than the genome
or the transcriptome the metabolic specialisation for the
actual developmental state. In plants several studies on
the proteome of different developmental stages have been
conducted [1]. Seed dormancy plays a crucial role in the
life cycle of plants and its proteome reflects the metabolic
processes during this important developmental period.
However, investigation on posttranslational modifica-
tions of the proteins gives an even more detailed view on
the complex nature of seed metabolism. Protein phospho-
rylation has been widely described as a major regulatory
protein posttranslational modification influencing many
important processes in living cells [2-4]. Thus, measuring
protein phosphorylation is essential to reveal regulatory
and signal pathways. However, the study of protein phos-
phorylation confronts the researcher with several hurdles.

A complicating fact is that many proteins are not only
phosphorylated at one site, but on multiple sites and that
each modification seems to have different regulatory func-
tions [5,6]. Therefore, detection of protein phosphoryla-
tion and identification of phosphorylation sites are
needed for the understanding of protein regulation.

Traditionally, phosphorylation is detected by specific
antibodies and/or by incorporating radioactive
[32P]orthophosphate into proteins. However, while
immunolabelling is often unspecific, incorporation exper-
iments using radioactivity might result in artificial phos-
phorylation events and impose waste disposal problems.
Only recently has it become possible to reliably detect
protein phosphorylation by resolving the proteins of
interest on a gel and submitting the gel to fluorescent
phosphate specific dyes followed by a staining of total
protein [7-11].

The low abundance of phosphoproteins and the accurate
identification of the specific phosphorylation sites, how-
ever, still impose problems.

Because of their sensitivity and resolving power, selective
enrichment of phosphorylated peptides/proteins and lig-
uid chromatography coupled to mass spectrometry (LC-
MS) based methods are now widely used for phosphoryla-
tion site identification (for review see [4,12,13]).

The low abundance of phosphorylated peptides can be
circumvented in part by enrichment of the phosphopep-
tides with IMAC (Immobilised metal affinity chromatog-
raphy) after tryptic digestion of phosphoproteins. While
numerous publications exist describing the enrichment of
phosphopeptides from animal sources considerably less
studies have been published for plant tissue (for review

http://www.plantmethods.com/content/1/1/9

see [14]). These broad range studies focus for example on
thylakoid proteins and plasma membrane proteins of A.
thaliana [15,16] or on the moss Physcomitrella patens [17].

However, relying on just one peptide for protein identifi-
cation (as is commonly done after phosphopeptide
enrichment) is prone to the identification of false posi-
tives. What is more, peptides phosphorylated on serines
or threonines tend to loose their phosphate group during
the fragmentation process in the mass spectrometer thus
further complicating correct assignment. This drawback
can be circumvented by the enrichment of complete phos-
phoproteins since this approach leads to the identifica-
tion of several peptides per protein and therefore
enhances the reliability of protein identification.

Recently, we reported a novel method for the enrichment
of phosphorylated proteins out of complex mixtures
termed MOAC (metal oxide affinity chromatography)
[18]. This method adds another tool to the repertoire of
methods for the identification of phosphorylated proteins
and might help to overcome some of the specificity prob-
lems associated with IMAC. In this initial study we
showed that MOAC can be used to enrich phosphorylated
proteins from plant leaf tissue [18].

In the present study we use MOAC for the enrichment of
phosphorylated proteins from A. thaliana seeds and for
proteins from C. reinhardtii cell cultures and show that the
method is suitable and reproducible for different kinds of
samples.

However, for the identification of the exact sites of phos-
phorylation further steps are necessary. As mentioned
above the ionization efficiency and the quality of a phos-
phopeptide spectra is sometimes not good enough for
reliable identification and even more difficult is the deter-
mination of the exact phosphorylation site. To circumvent
these problems phosphate groups can be replaced by
beta-elimination and Michael addition with more stable
residues thereby increasing the ionization efficiency and
improving the fragmentation behaviour [5,19-23]. Yet,
these approaches sometimes result in unwanted side reac-
tions and are difficult to perform on complex mixtures.
Another promising method is the analysis of peptide
sequences by electron transfer dissociation [24] but this
requires sophisticated modification of the mass spectrom-
eter not yet widely available.

The approach we employed to identify phosphorylation
sites makes use of the neutral loss of H;PO, during MS?2
fragmentation. The dominant neutral loss peak observed
in many MS? spectra derived from serine/threonine phos-
phorylated peptides [25] is routinely broken down in an
additional MS3 step and putative phosphopeptides are
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Proteins with low
phosphorylation stoichiometry

!

Enrichment using
MOAC

Separation of proteins with high
phosphorylation stoichiometry on SDS-PAGE

|

Detection of phosphorylation with fluorescent dye
technology

Phosphorylation site identification with mass
spectrometry (automatic MS3 on neutral loss peaks)

Figure |

Proposed strategy for robust identification of serine/threo-
nine phosphorylation in plants. In case of low stoichiometry
as for the in vivo situation enrichment of phosphoproteins is
necessary. To cope with this a novel enrichment procedure
called metaloxide affinity chromatography (MOAC) is used in
the strategy [18]. The whole approach is applicable to iden-
tify phosphorylation sites out of complex samples. The
library of in vivo sites may be used for screening of protein
phosphorylation dynamics using triple-quadruple mass spec-
trometry [6].

uonew.ojul buiseassur

automatically detected in a single LC/MS run [26]. The
resulting MS3 spectra are often informative enough to
identify the correct peptide and the phosphorylation site
in a database search. However, considering the informa-
tion of both MS2 and MS3 data is sometimes necessary to
obtain unambiguous identification [27,28].

In the present work we combine the MOAC enrichment of
phosphoproteins and selective mass spectrometry for a
detailed study of protein phosphorylation. Phosphoryla-
tion site identification is demonstrated for enriched seed
proteins and is achieved using data-dependent MS2 as well
as neutral-loss triggered MS3 fragmentation on a linear ion
trap mass spectrometer. The proposed strategy is suitable
to identify putative phosphoprotein candidates with high
sequence coverage and at the same time it allows identifi-
cation of corresponding protein phosphorylation sites. To
avoid false positive identification of phosphorylation sites
only hits with congruent MS? and MS3 spectra were con-
sidered in this study. Careful validation of the data led to
the identification of 16 phosphorylation sites in nine seed
proteins, some of them known to be phosphorylated also
in the mammalian system such as ribosomal proteins. A
comparison with microarraydata showed that these pro-
teins are mainly seed specific.

http://www.plantmethods.com/content/1/1/9

Results

General strategy for the identification of serinelthreonine
phosphorylation in plants

An overview on the general strategy for the identification
of serine /threonine phosphorylation in plants is shown
in Figure 1. The strategy includes enrichment of phospho-
proteins using MOAC, phosphorylation detection using
fluorescent dye technology, and determination of the
phosphorylation site with neutral loss driven MS3. Most
important, each step of the procedure gives further confi-
dence for a robust identification of phosphoproteins and
phosphorylation sites. For a detailed description see the
following sections.

MOAC enrichment of phosphoproteins

Proteins were extracted with phenol and enriched for
phosphoproteins using metaloxide affinity chromatogra-
phy (MOAC) [18]. Proteins were separated using SDS-
PAGE and visualised with a phosphate-specific stain fol-
lowed by staining with coomassie R-250 (Figure 1). Simi-
lar amounts of total protein from samples taken before
and after MOAC (Figure 2B) are accompanied by strong
differences in the phosphostain signal indicating clear
enrichment of phosphoproteins out of the complex sam-
ple (Figure 2A). Bands corresponding to enriched seed
proteins with a strong signal in the phosphostain were
excised, digested with trypsin, and analysed by mass spec-
trometry (see below).

Identification of in vivo phosphorylation sites in A.
thaliana seed proteins

Following the proposed strategy (see Figure 1) we identi-
fied after careful validation 16 phosphorylation sites in 9
proteins using the combined information of MS2 and MS3
data. The advantage of using the combined data is exem-
plified by the MS2and MS3 spectra in Figure 3. In the first
MS? fragmentation step a very intense fragment ion stem-
ming from a dominant neutral loss of phosphoric acid is
seen. This spectrum alone is often not suitable for data-
base search. On the other hand it is a distinct indication
for a phosphopeptide. The dominant neutral loss frag-
ment triggers in a second scan event an MS3 fragmentation
step. The combination of MS2 and MS3 leads to the clear
phosphorylation site identification with increased confi-
dence based on the observed neutral loss of phosphoric
acid [27,28]. A further level of confidence is provided by
the combination of protein identification (see Figure 1
and protein sequence coverage in table 1) and the corre-
sponding protein phosphorylation site in one LC/MS
analysis. This information is missing in strategies where
only phosphopeptides are enriched and protein identifi-
cation is based solely on the detection of one phos-
phopeptide. The phosphorylation sites are shown in Table
1. The sites of the two ribosomal proteins are known to be
phosphorylated in mouse [29]. For some of the proteins
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Figure 2
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A. thaliana seed proteins and C. reinhardtii proteins before and after MOAC. M: marker S: sample (before MOAC) E: eluate
(after MOAC); A: A. thaliana seed proteins, Coomassiestaining; B: A. thaliana seed proteins, Phosphostaining. C: C. reinhardtii
proteins, Coomassiestaining; D: C. reinhardtii proteins, Phosphostaining. The labelled marker protein in the phosphostain is the

phosphorylated protein Ovalbumin.

identified after MOAC, MS? data suggested phosphoryla-
tion but MS3 data were lacking. All these ambiguous
results were not included in the table. The analysis of gene
expression data revealed that five of the identified pro-
teins are apparently seed specific (table 1). Notably, phos-
phorylation is most probably not confunded with o-
sulfonation in these experiments since sulfated peptides
exhibit the characteristic loss of 80 Da instead of 98 Da
during collision induced dissociation [30], which does
not lead to the triggering of an MS3 spectrum.

Reproducibility of the method

The enrichment process was repeated using A. thaliana
leaf and C. reinhardtii proteins. Similar patterns were
observed in SDS PAGE analysis combined with phospho-
and coomassiestaining (data not shown). Two prominent

bands, one of the enriched seed sample at about 65 kDa
(corresponding to the mw of the protein with the highest
number of phosphorylation sites identified in the first
experiment), and one of the enriched C. reinhardtii sam-
ple (in duplicate) at about 56 kDa, were selected for test-
ing the reproducibility of phosphorylation site
identification. With the seed protein we tested analytical
reproducibility after storage of the sample for 1 month
(see table 2). Reproducibility of the whole procedure
including MOAC enrichment is demonstrated by the
repeated identification of phosphorylation sites in the 56
kDa C. reinhardtii phosphoprotein (table 2).

Phosphorylation of sterol dehydrogenase
One phosphorylation site was identified as serine 95 in an
isoform of the A. thaliana short chain sterol dehydroge-
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MS2 spectrum and the cognate neutral loss MS3 spectrum of the
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phosphopeptide LGYTGENGGGQSEpSPVKDETPR exemplify-

ing the additional sequence information gained of an MS2 spectrum compared to a MS3 spectrum. A: MS2 spectrum (Xcorr:
2.424); B: MS3 spectrum (Xcorr: 3.248). Exact localisation of the phosphorylation site is only possible with the MS3 spectrum in

this case. Only ions above the noise signal were annotated.

nases gene family. We aligned protein sequences belong-
ing to the same family from A. thaliana (At) and Sesamum
indicum (Si) (Figure 4). Shown is the region surrounding
the phosphorylation site. The region of interest is part of
a proposed NADP+ binding domain [31] and displays
high homology. The serine phosphorylation site is con-
served in 6 out of 8 sequences. The two remaining
sequences (At4 and Sil) show no serine at the site of inter-
est and might belong to a separate group.

Discussion

The approach described in this work is suitable to reliably
identify and routinely screen for serine/threonine phos-
phorylation in plant proteins. Several lines of evidence are
integrated into the strategy thus making unambiguous
identification of protein phosphorylation possible: (i)

Enrichment for phosphoproteins based on the affinity of
phosphate to MOAC, (ii) a specific phosphostain reveals
phosphorylation of the proteins and confirms enrich-
ment, (iii) gel separation of the proteins helps to guaran-
tee high confidence in protein identification, and (iv) a
highly selective method based on mass spectrometry spe-
cific for phosphorylation is used for site identification.

Phosphorylated proteins are enriched by MOAC, a
method that can be easily adapted to suit the sample of
interest since it is inexpensive and the components
needed are widely available. For demonstration MOAC
phosphoprotein enrichment was applied to A. thaliana
leaf proteins [18], A. thaliana seed material and
Chlamydomonas reinhardtii cell cultures (this study, Figure
2).
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Table I: Identified phosphorylation sites in seed proteins. Gene expression data were derived from a previous study [38].

Accession nr. Description Protein sequence coverage Site of phosphorylation (designated as  Seed specific
"p" expression
At5g52300. 1 low-temperature-responsive 65 kD 65.8% (M, 65971 Da) MKVTDEpSPDQKSR +
protein (LT165)/desiccation-responsive ESDINKNpSPARFGGESK
protein 29B (RD29B) LPLSGGGpSGVKETQQGEEK
LGYTGENGGGQSEpSPVKDETPR
GAVTSWLGGKPKpSPR
EAHQEPLNpTPVSLLSATEDVTR
At3g12960.1 expressed protein similar to seed 93% (M, 9464 Da) DIKDIKGTRTDDpSPR .- +
maturation protein from [Glycine max]
Atlg01100.1 60S acidic ribosomal protein Pl 81.2% (M. 11162 Da) KKDEPAEEpSDGDLGFGLFD.- -
(RPPIA)
At2g27710.1 60S acidic ribosomal protein P2 87% (M. 11444 Da) KEEKEEpSDDDMGFSLFE.- -
(RPP2B)
At5g40420.1 glycine-rich protein/oleosin 42.2% (M, 21279 Da) HFQFQpSPYEGGR +
Atlg07985.1 Expressed protein 46.5% (M, 16461 Da) KLVDKVVGSSSPTNIHpSK
At5g50600.1 short-chain dehydrogenase/reductase 61% (M, 39087 Da) STLYPESIRTPEIKpSD.- +
(SDR) family protein similar to sterol- ELGpSPNVVTVHADVSKPDDCRR
binding dehydrogenase steroleosin
from [Sesamum indicum]
Atlg29350.1 expressed protein 14.6% (M, 90879 Da) SGpSTHFSSTDSGNFQGK No data
At4g25580.1 stress-responsive protein-related 57.8 % (M, 66520 Da) RGAPTLTPHNTPVSLLpSATEDVTR +

contains weak similarity to Low-
temperature-induced 65 kDa protein

The following staining with a phosphospecific fluorescent
dye is a quick and easy to use method to detect protein
phosphorylation and its changes on gels. However, mass
spectrometry-based site identification leads to more
detailed information about site specific regulation. This
holds especially true for proteins phosphorylated at mul-
tiple sites [5,6]. While it is not possible with the fluores-
cent stain to define if a protein is singly or multiply
phosphorylated and on which amino acid the phosphate
moiety is located, this can be done by mass spectrometry
[32]. Consequently, enriched proteins are digested and
the peptides are analysed in experiments in which an
additional fragmentation event (MS3) is triggered when a
peptide looses phosphoric acid during the first fragmenta-
tion step (MS2?). The combined information of MS2 and
MS3 data is then used to obtain high quality data about
the peptide sequence and its phosphorylation site (see
also Figure 3A and 3B).

Since this is a proof of concept study we did not aim at
identifying all phosphorylation sites present in the
enriched fraction but at setting up a robust and conven-
ient workflow for the analysis of in vivo protein phospho-
rylation in plants. The major drawback of the method in
its current state is that preferably phosphorylation sites of
high abundant phosphoproteins are detected and that
often the protein can be assigned reliably but data on the
phosphopeptides are lacking. However, this might be cir-
cumvented by separating complex mixtures using estab-
lished chromatography prior to MOAC and/or by
coupling a phosphopeptide enrichment step to the pro-

GAPTLpTPHNTPVSLLSATEDVTR

tein enrichment. Another problem could be dephosphor-
ylation occurring during or prior to gel separation or
during sample storage. This might also explain differences
in the reproducibility test. Nevertheless, most of the tested
sites could be reproducibly found in a second experiment
thus reconfirming the robustness of the method. How-
ever, if the sample amount is not limiting separation and
digestion after enrichment might also be performed in
solution without SDS-PAGE. This, of course would lead to
a missing confirmation step in the strategy.

Albeit the phosphorylation of A. thaliana seed proteins
probably plays a crucial role in seed development and
dormancy [33,34], to our knowledge this is the first time
a broad approach has been used to identify phosphoryla-
tion sites in seed proteins. In more than half of the identi-
fied seed derived phosphopeptides (9 out of 16) the
identified phosphorylation sites are directly neighboured
by a proline. Additionally, in three peptides the sites are
located adjacent to aspartic acid residues. This could be
due to enhanced cleavage at proline and aspartic acid res-
idues during the fragmentation process in the mass spec-
trometer which has been described before [35].
Interestingly, we did find dominant neutral loss in the
respective MS? spectra, even though it was reported
recently that proline and aspartic acid containing phos-
phopeptides exhibit a less pronounced neutral loss of
H,PO, during fragmentation in a Q-Tof mass spectrome-
ter [36]. This apparent difference might be explained by
the different instrument types used in the studies or by the
special nature of the investigated phosphopeptides. Both
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Table 2: Reproducibility test of phosphorylation site identification. +: detected; -: not detected.

Protein At5g52300.1 low-temperature-responsive 65 kD protein jgi code 153417 putative protein
Mw [Da] 65971 56515

Experiment | 2 | 2
Sequence coverage [%] 65.8 67.5 29. 1 28.0
Peptide | GAVTSWLGGKPKpSPR + KLESAApTVAER +
Peptide 2 LGYTGENGGGQSEpSPVKDETPR + VAVAPPSRPGpSGK +
Peptide 3 LPLSGGGpSGVKETQQGEEK + SGpSAKVAVAPSR -
Peptide 4 EAHQEPLNpTPVSLLSATEDVTR +

Peptide 5 ESDINKNpSPARFGGESK -

Peptide 6 MKVTDEpSPDQKSR -

serine-proline (SP) and serine-aspartate (SD,E) contain-
ing phosphorylation sites are postulated as putative
kinase substrates [15]; SP is a MAP-kinase motif which
coincides with the importance of MAP-kinases in cellular

processes [37] (see also http://www.neb.com/nebecomm/
tech_reference/protein_tools/

protein_kinase_substrate_recognition.asp). A majority of
the identified phosphoproteins appear to be seed specific

since their expression is reported to be highly dominant if
not exclusively expressed during this developmental stage
(see table 1 and [38]).

Multisite phosphorylation seems to be quite common as
indicated by the fact that more than one phosphorylation
site was found in 3 of the 9 proteins. The sites identified
on the two ribosomal proteins are the same c-terminal
sites identified in mouse [29] thus adding another evi-
dence for the conservation of phosphorylation sites
throughout different species [39]. Phosphorylation of
these ribosomal P-proteins at their c-terminal end has also
been proposed for Saccharomyces cerevisiaea, Rattus norvegi-
cus, Trypanosoma cruzei, and Zea mays [40]. It has been
shown that phosphorylation of these proteins leads to
accelerated degradation in yeast [41] and this might also
hold true for A. thaliana. Interestingly, another two of the
identified phosphopeptides, belonging to proteins other-
wise unrelated to the ribosomal P-proteins were also
found to be phosphorylated at their c-terminal end indi-
cating either the accessibility of c-terminal phosphopep-
tides for enrichment, digestion and detection or a general
pattern, putatively for protein degradation.

The identification of a phosphorylated protein with
homology to a short chain sterol dehydrogenase (Sop2)
seems to be especially interesting for seed development.
These proteins are thought to play a vital role in plant sig-
nal transduction elicited by sterols [31,42] and therefore
their phosphorylation/dephosphorylation might have
large implications on seed development. Serine 95 in the

peptide ELGpSPNVVIVHADVSKPDDCRR derived from
Sop2 (which we showed to be phosphorylated in A. thal-
iana) is highly conserved in five out of six homologues in
A. thaliana as well as in one out of two homologues in Ses-
amum indicum (see Figure 4). It is located in the NADP+
binding domain of the protein [31] and might be impor-
tant for enzyme specificity and selectivity.

Methods

Chemicals

All chemicals were from Sigma (Miinchen, Germany). The
aluminium hydroxide was purchased as aluminium
hydroxide hydrate (ordering nr. A-1577; Sigma).

Seeds
A. thaliana (ecotype Columbia) seeds were taken from an
in-house seed stock.

Chlamydomonas reinhardtii culture

C. reinhardtii (wildtype CC-125) was grown for 7 days in
16/8 hour light/dark regime in liquid culture containing
TAP Medium [43]. Cells were harvested in the light period
and centrifuged for 10 min at 4000 rpm. The supernatant
was discarded and the Pellet was used for the extraction of
proteins.

Denatured protein extraction from A. thaliana seeds and
C. reinhardtii

A. thaliana seed proteins and C. reinhardtii proteins were
extracted by adding a mixture of three volumes buffer-sat-
urated phenol (15 ml) and one volume 50 mM Hepes-
KOH, pH 7.2 containing 1% B-mercaptoethanol, 40 %
sucrose, and 40 mM NaF (5 ml) to 2 g of seed material
ground in liquid nitrogen or to a pellet derived from 100
ml of C. reinhardtii culture, respectively. After mixing for
20 minutes at 4°C, protein was precipitated out of the
phenol phase with five volumes ice-cold acetone over
night at -20°C. The pellet was washed twice with 100%
ice-cold methanol and air dried for 15 min.
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Figure 4

Sequence alignment of different short chain sterol dehydro-
genases. Si: Sesamum indicum; At: Arabidopsis thaliana. The
phosphopeptide is shown in red and the site of phosphoryla-
tion in bold.

Enrichment of phosphoproteins using Metal Oxide Affinity
Chromatography (MOAC)

The pellet obtained by denatured protein extraction was
dissolved in 1.5 ml incubation buffer containing 30 mM
MES, 0.2 M potassium glutamate, 0.2 M sodium aspartate,
0.25% Chaps, and 8 M urea with a pH of 6.1. 1.5 ml of a
0.5 mg/ml protein solution was used for 30 min incuba-
tion with 80 mg of AIOH; at 4°C (AIOH; was washed
before once with the incubation buffer described above).
The incubation was followed by five washing steps of 1.6
ml and one step of 0.8 ml. Finally, proteins were eluted
from the matrix by incubation with 800 pl of 100 mM
potassium pyrophosphate buffer pH 9.0 containing 8 M
urea for 30 min at RT. Proteins were precipitated with
methanol/chloroform prior to gel loading as described by
Wessel & Fluegge [44] and about one half of the eluted
protein fraction was loaded onto the gel.

Determination of protein content

Protein concentrations were determined via the dye-bind-
ing method of Bradford as described previously [45],
using ovalbumin as a standard. Each measurement was
made in triplicate and the mean values were used.

SDS-PAGE, Phosphostaining, and Coomassie staining
Pellets derived from the methanol/chloroform precipita-
tion were dissolved in 2 x SDS sample buffer (90 mM Tris,
pH 6.9, 20% Glycerin, 2% SDS, 0.02% bromophenol-
blue, and 100 mM DTT) and approximately 30 pg were
subjected to SDS-PAGE (800 pul MOAC eluate fraction was
precipitated and dissolved in 40 ul of 1 x SDS sample
buffer). After the separation proteins were stained with
Pro-Q diamond stain (Invitrogen, Karlsruhe, Germany)
essentially following the instructions in the manual. For
specificity, we found exchanging fixation solution once
(after 30 min) and leaving the gels in the fixation solution
over night to be crucial steps. Phosphorylation was visual-
ised using a chemdoc station and a 550 nm filter. After vis-
ualisation the phosphostain gels were washed three times
with ddH,0 and stained with coomassie.

http://www.plantmethods.com/content/1/1/9

In-gel tryptic digest

Seed protein spots exhibiting a strong signal after phos-
phostaining were excised and digested over night with
trypsin as described before [46]. Peptides were extracted
from the gel in three consecutive steps using increasing
percentages of acetonitrile (5 %, 50 %, 90% each contain-
ing 1% formic acid).

Protein and phosphorylation site identification using nano
LC-linear-iontrap-MS$S

Peptides were loaded directly onto a ProteoSpher® Micro
column (0.5 mm x 15 mm) at a flow rate of 3 pul/min and
separated in a 85 min gradient from 80% A (0.1% formic
acid, and 2.5 % acetonitrile in water) to 100 % B (0.1%
formic acid in methanol). Separation and measurements
were performed with a nano-LC-pump (Agilent 1100)
coupled to an LTQ ion trap (Thermoelectron) with a
nano-ESI-source. The voltage was applied directly to the
analyte solution using a T-piece. To identify tryptic pep-
tides, phosphopeptides and phosphorylation sites, auto-
matic data-dependent acquisition was performed
consisting of a full scan (m/z 400-2000), a subsequent
MS2?, and a neutral loss scan of 98, 49, or 32.7 (H;PO, for
the +1, +2, and +3 charged ions, respectively) in the five
most abundant MS? fragments. An MS3 scan was automat-
ically collected on the corresponding neutral loss frag-
ments of the MS2 scan events. Peptides were identified by
searching the spectra against an A. thaliana database http:/
/www.arabidopsis.org/ or against the C. Chlamydomonas
database version 2.0 http://genome.jgi-psf.org/chlre2

chlre?2.download.html containing trypsin and keratin
sequences using the Sequest algorithm (ThermokElectron,
Dreieich, Germany) and filtering the results with an Xcorr
of 2.0, 2.5, and 3.5 for singly, doubly, and triply charged
ions, respectively. Protein hits were accepted when at least
three peptides with the corresponding Xcorr criteria
described above were identified. The spectra derived from
phosphopeptides were verified manually (charge state
and identification of MS2 and MS3 spectra were checked
for their concordance).

Sequence alignment
Sequences were derived from NCBI  http://

www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Protein and
alignment was performed using ClustalW http://

www.ebi.ac.uk/clustalw/ with the default settings.
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For phosphopeptide identification the dominant neutral loss of H;PO4 from serine or
threonine during CID (colllisional induced dissociation) can be exploited to trigger a
further MS® fragmentation step in ion trap mass spectrometers .

The detection of such a neutral loss is reported to be a specific marker for
phosphorylated peptides, and the subsequent MS?® fragmentation step on the
dominant neutral loss fragment ion provides additional sequence information 2°.
The former phosphorylation site is then found in the MS® spectrum of a peptide as a
dehydroalanine residue in case the peptide was phosphorylated on serine or as a
dehydrobutyric acid residue if the peptide was phosphorylated on threonine,
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respectively (see figure 1). Both residues can be easily identified by including minus
18 Da for serine and threonine as variable modifications when using database
searching programs like Sequest or Mascot.

In a recent study neutral loss from peptides containing alkylated methionine was
described to mimic phosphorylation ©. Following this line we investigated other
processes with potentially misleading neutral losses. Here, it is demonstrated that
methionine oxidation in peptides can mimic phosphorylation and thus lead to the
automatic recording of MS® spectra in neutral loss driven phosphopeptide screening
experiments (see figure 1). These spectra can in turn lead to the identification of false
positive phosphopeptides following database searching.

Tryptic peptides of a A. thaliana plant protein, which was first separated by SDS-
PAGE ° were analyzed with reversed phase chromatography coupled to a LTQ mass
spectrometer (Thermo, San Diego). MS spectra spectra were acquired and MS?
triggered for the three most intense peaks. Automatic neutral loss driven MS?®
fragmentation was triggered if [M — 98]n+ ions were observed in one of the five most
abundant peaks. The isolation window was set to 3 Da, collision energy to 35
(arbitrary units), and the activation time to 50 ms.

Obtained spectra were analysed by using Sequest (Thermo, San Diego) directed
automatic database searching including STY (serine/threonine/tyrosine) plus 80 Da
(phosphorylation), ST minus 18 Da ( loss of phosphoric acid leading to a
dehydroalanine residue or a dehydrobutyric acid residue in a peptide, respectively),
and M (methionine) plus 16 Da (oxidation) always as variable modification. An A.
thaliana sequence database (http://www.arabidopsis.org/) was used as the protein

sequence source. For refined searches M minus 48 Da (corresponding to the loss of
methane sulfenic acid) was included (see figure 1). The Xcorr threshold was set to
2.0, 2.5, and 3.5 for singly, doubly, and triply charged peptides, respectively. In many
analyses the charge state of the peptide precursor in the MS? spectrum did not match
to the observed neutral loss when assuming phosphoric acid as neutral loss. In many
cases the dominant loss corresponded to a [M -64]n+ ion, which is typical for the
neutral loss of methane sulfenic acid from a peptide containing oxidized methionine "
8, However, the same dehydrobutyric acid residue can also be observed following
neutral loss of phosphoric acid from a peptide containing a phosphothreonine residue
instead of an oxidized methionine (figure 1). Since the neutral loss of methane
sulfenic acid from a doubly charged precursor ion (32 Da) is similar to the neutral loss
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of phosphoric acid from a triply charged phosphopeptide (32.7 Da) within the mass
window of a typical ion trap experiment (2-3 Da), an MS® spectrum was triggered
automatically. The resulting MS® spectra were matched to phosphopeptides in the
database and thereby led to the identification of false positives, because of sequence
similarity including only a methionine/threonine substitution (see figure 2) or by
chance (spectra not shown). Using only neutral loss triggered MS? spectra led to
false positive peptide identification of up to 30% of the total number of MS?® spectra.
Figure 2 shows the MS?® spectrum and false positive identification of malate
dehydrogenase At1953240 (putative phosphopeptide and corresponding Xcorr
shown in italic letters) after database search using common modification settings as
described above. In figure 3 the corresponding MS? spectrum displays a dominant
[M-64]2+ ion that triggered MS?®. Using this MS? spectrum for database search led to
the identification of another malate dehydrogenase At3g15020. This is an isoform
which differs from the first isoform only by the replacement of a threonine through a
methionine in the corresponding tryptic peptide. Careful analysis of the data revealed
that the observed dominant peak can be explained by the loss of methane sulfenic
acid from a doubly charged precursor ion ([M-64]2+). Since loss of methane sulfenic
acid leads to the formation of a dehydrobutyric acid in a peptide (see fig. 1), correct
identification is only possible when comparing MS? and MS? data. However, inclusion
of methionine minus 48 Da (corresponding to methionine sulfoxide minus 64) as
modification in the MS® based database searching revealed the methionine
containing peptide (see figure 2).

The A. thaliana proteome encodes over 1600 tryptic sequences (at least 4 amino
acids long) that differ only in the replacement of methionine for threonine and are
therefore putative candidates for the observed phenomenon. Furthermore,
methionine oxidation is a frequently occurring process during protein preparation. It is
the automated manner in which neutral loss driven MS® and database searching are
used that gives rise to the identification of false positives. The inclusion of zoom
scans helps to determine the charge state accurately. However, the authors are not
aware of a software that couples the neutral loss function to a certain charge state.
We conclude that false positives resulting from methionine oxidation can best be
avoided by comparing precursor charge states and fragmentation of MS? and MS®

spectra.
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Figures:

Fig.1: Formation of a dehydrobutyric acid in a peptide from phosphorylated threonine
or oxidized methionine by neutral loss in MS?. Phos.:Phosphorylation; Ox.: Oxidation;
CID.

Fig.2: Identification of peptide sequences from a MS® spectrum. The MS® spectrum
was automatically triggered on a neutral loss peak and searched against an A.
thaliana database. The identification in cursive denotes the search result with
commonly implemented modifications (STY +80, ST -18, M +16). The identification in
normal form denotes the search result considering loss of methane sulfenic acid
(methionine -48 Da).T”: Threonine -18 Da; M#: Methionine -48 Da.

Fig.3: MS? spectrum identified after database search to belong to the malate
dehydrogenase At1g53240.1 containing oxidized methionine M*.
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Chapter IV: Quantification of protein
phosphorylation

While the detection of phosphorylation and the identification of phosphorylation sites
is highly important to get a first glance at the phosphorylation state of proteins and delivers
the fundament of phosphorylation research, quantification of these phosphorylation events
gives an even deeper insight into complex protein regulation. This quantification can be
performed on the proteome, protein, peptide, and site-specific level. However, the
quantification of protein phosphorylation imposes great challenges to the experimenter
because of the low abundance of phosphoproteins and the complex fragmentation of

phosphopeptides observed in tandem mass spectrometry based analyses.

Methods based on *?P labelling or global anti-phospho amino acid antibodies only
detect and quantify the phosphorylated version of a protein but leave the unphosphorylated
forms undetected, while other methods can also determine phosphorylation stoichiometries
(the percentage of phosphorylated proteins). Several approaches have been developed to cope
with the inherent difficulties associated with quantification and these approaches are used to

unravel complex protein regulation achieved by phosphorylation/dephosphorylation events.
IV.1. Imaging methods

One example is a general approach relying on the attachment of a fluorescent dye to
phosphorylated residues followed by an intensity based measurement of the phosphoprotein/-
peptide dye complex. An increase in the number of phosphorylated residues or the
phosphorylation stoichiometry results in a measurable increase of the fluorescence [184].
Non-phosphorylated species of the same proteins can be observed and quantified using dyes
like Sypro-ruby or silver stain. An equivalent method is the one that makes use of antibodies
(see chapter III). Phosphorylation is visualised using a secondary antibody coupled to an
enzyme or a fluorescent dye and increase or decrease of phosphorylation is determined by the
changes in the product produced by the enzyme or by the changes in the fluorescence. Global
phospho-specific antibodies as well as antibodies directed against specific phosphorylated
antigens and their non-phosphorylated counterparts can be used as primary antibodies in this
approach to obtain results on phosphorylation levels. However, the drawbacks of the use of
these antibodies, which were discussed in the previous chapters, have to be taken into

account.
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Quantification of protein phosphorylation

Similarly, a change in phosphorylation can be monitored by comparing scintillation
counts of two samples labelled with 32P—orthophosphalte in vivo or with radioactive y-ATP in
vitro. Nevertheless, uptake and incorporation of *’P is probably never complete and
endogenous as well as previously bound non-radioactive P always presents a problem for
quantification. Relative quantification of the global phosphorylation state of a protein or
peptide can be obtained readily using these methods and always bearing in mind the

limitations of these techniques discussed in previous chapters.

However, all of these approaches except the one relying on specific antibodies, have
the major disadvantage that site-specific information is lacking. This issue becomes especially
important, when one is looking at a protein or peptide, which can be phosphorylated at
multiple residues and each phosphorylation event may represent another activity state. This is
also true for approaches were ICP (Inductively coupled plasma) is used to determine the
content of phosphorus in a protein [185, 186]. Therefore, the described methods are only
suitable if one is interested in global changes of phosphorylation for example in whole

proteomes or if one can rule out the possibility of multisite phosphorylation.
IV.2. Mass spectrometry based approaches

More recent methods rely on the use of mass spectrometry because of its selectivity,
sensitivity and capability of direct determination of phosphorylation sites. There is a wide
variety of different methods based on mass spectrometry ranging from methods depending on
chemical derivatisation to the use of external and internal standards for the investigation of
changes in phosphorylation some of which have been applied to plant protein
phosphorylation. While many methods have been developed for the quantification of peptides
and proteins in general, descriptions in the following paragraphs are restricted to the ones
which were primarily designed for phosphopeptides/phosphoproteins. For a more general
discussion on protein quantification the reader is referred to [187] and to the introduction of

this thesis.

IV.2.1. Strategies relying on chemical derivatisation
Overall there are two different kinds of derivatisation techniques, which are
commonly used for the relative quantification of phosphorylation. The first is based on beta

elimination and Michael addition (see chapters II and III). In this approach two samples
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(proteins or peptides) to be compared are derivatised with differently deuterated forms (i.e.
d0/d5) or different isotopes (i.e. C12/C13) of the same nucleophile, mixed, proteins are
digested and peptides are subjected to chromatography, which is directly coupled to a mass
spectrometer. The ratio of the corresponding peptide pairs leads to a relative quantification of
phosphorylation. In the second derivatisation strategy peptides derived from two different
samples (control and treated) are derivatised with the undeuterated and the deuterated form of
methanol thus converting carboxyl residues into their corresponding methyl esters in the
process of methylesterification (see chapter II). Phosphopeptides are then usually enriched to
overcome the low level of phosphorylation and peptide pairs are analysed by mass
spectrometry as described above. Major drawbacks of these approaches are the side reactions
observed in chemical derivatisation (see chapter II) and elution differences of the peptide
pairs in chromatography depending on the type of derivatization agent. Especially deuterated
forms of the peptides are known to exhibit a slight retention time shift in chromatography
when compared to their non-deuterated counterparts and this sometimes impairs direct
comparison of peptide pairs [188]. Also, the number of samples that can be compared is

limited due to the limited availability of differentially deuterated or isotopically coded tags.

Other strategies involving stable isotope labelling by metabolic labelling or tagging
(like SILAC or iTRAQ) are not primarily applied to phospho-proteins/peptides and are not

further discussed (for reviews see [187, 189]).

IV.2.2. Methods based on inductively coupled plasma mass
spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) is a technique that is capable
of analysing atoms instead of molecules. A very powerful implementation of this technique
was presented by Lehmann and coworkers who used peptide separation via HPLC directly
coupled to ICP-MS to assess the global phosphorylation degree in a sample by monitoring the
phosphorus and the sulphur ratio [190-192]. In this approach peptides are eluted sequentially
into the ICP-MS and decomposed into their atoms in the plasma. In real time, sulphur as well

as phosphorus traces are recorded and related to each other.

Verification of phosphoprotein enrichment and global phosphorylation degree
of A. thaliana and C. reinhardtii

To evaluate the success of the developed phosphoprotein enrichment method
depending on aluminum hydroxide and to assess the phosphorylation degree of different

tissue types of A. thaliana the approach consisting of HPLC separation coupled to ICP-MS
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designed by Lehmann and cowokers was used [190]. To this end about 40 ug of total protein
from the same sources collected before and after enrichment desalted by subjecting it to SDS-
PAGE for 15 minutes at 120 V. Lanes (about 1 cm x 0.3 cm) were cut out of the gels and

digested with trypsin. Peptides were separated on a C18 column and analysed using ICP-MS
by Dr. Ralf Kriiger (DKFZ, Heidelberg).
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Fig. 12: LC-ICP measurements of digested proteins before (A) and after (B)

enrichment using aluminum hydroxide. The red line indicates the sulphur (**S) and the
blue line the phosphorus ( 31P) trace. The black line represents the S/P sensitivity factor,

which is dependent on solvent composition.

The ICP measurements confirmed an enrichment of phosphorylated proteins. This can
be clearly seen when the **S trace, which serves as a general elution reference of peptides, is
compared to the 3P trace in the example (figure 12). After enrichment (figure 12 B) the 3lp
trace and the **S trace show a considerably higher overlap than before enrichment (14 A)
strongly indicating an increase of peptide bound phosphate. It was possible to calculate an
enrichment factor by comparing moles of phosphorus per moles of sulphur in these proteins
before and after enrichment for various samples. This factor was determined to vary between
2 - and over 20 fold enrichment leading to a final degree of phosphorylation between 40 and
100 mol phosphorus per mol protein (table V). This means that 40 to 100 % of all proteins are
phosphorylated at one site after enrichment. The enrichment factor varies between tissue types

and organisms, which can be explained by the following arguments:

> Only heat and acid stable amino acid-phosphate bonds (namely serine, threonine, and
tyrosine —phosphate) can be detected using this method since proteins are heated before SDS-

PAGE, proteins are fixed and destained using acidic solutions, and peptides are separated and
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analysed under acidic conditions. Consequently, the phosphorylation degree is underestimated

in samples containing a higher degree of heat and acid labile amino acid phosphates.

> Different tissue types and organisms have different overall protein patterns with
varying complexity. It seems probable that in some cases a highly complex pattern interferes
to a larger extent with affinity chromatography than a pattern of low complexity since the
possibility that the highly complex mixture contains proteins that interfere with the desired

enrichment is higher.

Table V: Phosphorylation degree before and after MOAC enrichment

P/protein Tpris P/S Enrichment
[mol/mol] [mol/mol] [mol/mol] factor P/S
0.075 (S) 0.09222 0.003956
0.051 (FT) 0.06307 0.002706

A. thaliana leaf 0.42 (E) 0.51468 0.022080 5.6
0.048 (S) 0.05885 0.002525 -
0.061 (S) 0.07466 0.003203 -
0.019 (S1) 0.02332 0.001000

A. thaliana seeds 0.433 (E1) 0.53170 0.022810 22.8
0.021 (S2) 0.02583 0.001108
0.434 (E2) 0.53241 0.022841 20.7
0.145 (S2) 0.17788 0.007612

A. thaliana 0.61 (E2) 0.74841 0.032107 4.2

cell culture 0.253 (S3) 0.31067 0.013328
0.572 (E3) 0.701812 0.030108 2.3
0.267 (S1) 0.32779 0.014062

C. reinhardtii 1.0 (El) 1.22728 0.052650 3.7

cell culture 0.25 (S2) 0.30614 0.013133
0.225 (S3) 0.27644 0.011859 -

S =sample, E = eluate, FT = flow-through.

It should be noted that these calculations are based on the assumption that the compositions
of the proteomes before and after enrichment are comparable with respect to the sulphur
content. Since phosphostaining (see chapter III) and the use of antibodies directed against the
phosphorylated version of a MAP-kinase (about 8-fold enrichment from A. thaliana cell
cultures; personal communication, Dr. Jan Heise) independently confirmed successful

enrichment by aluminum hydroxide this assumption seems to be justified.

Besides the confirmation of phosphoprotein enrichment these experiments for the first
time delivered information for plant protein phosphorylation on a whole organism scale.
Interestingly, the global phosphorylation degrees vary considerably (see figure 13). This gives
insights into the importance protein phosphorylation might have throughout different
developmental stages. The lowest degree was calculated for A. thaliana seeds and the highest
for A. thaliana cell cultures and C. reinhardtii. It seems consequent that rapidly dividing
tissue has a higher degree of phosphorylation. While A. thaliana cell cultures are immotile, C.
reinhardtii has a flagellum and is motile. Since flagellar dependent movement of prokaryotes

49




Quantification of protein phosphorylation

as well as of eukaryotes seems to be inherently linked to protein phosphorylation [193-196]
this may explain the slightly higher degree of phosphorylation in C. reinhardtii compared to
A. thaliana cell cultures. This assumption is supported by the fact that seven flagellar proteins
could be identified after MOAC enrichment and that a very recent study on protein
phosphorylation in C. reinhardtii shares the impression that protein phosphorylation is quite
abundant in flagella of C. reinhardtii [177]. However, the values only differ slightly and these

differences might not be statistically valid.

2%
A ’ B 6%

Fig. 13: Visualisation of the values from table V. The P/ S values were converted into
percentages of phosphorylated proteins under the assumption that each phosphoprotein is
phosphorylated at one site completely. A: A. thaliana seeds; B: A. thaliana leaf; C: A.

thaliana cellcultures; D: C. reinhardtii.

It is interesting to note that the cells of a usually multicellular organism (indeed, also
the cell cultures of A. thaliana are not just single cells but conglomerations of several cells)
obviously have a degree of phosphorylation comparable to the unicellular alga C. reinhardtii.
When compared to other eukaryotic cells, which are postulated to have phosphorylation
degrees of about 30 %, the values obtained for cell cultures do not deviate to a large extent.
This suggests that a certain phosphorylation level is crucial throughout different kingdoms of

live and that this value is indeed about 30 %.
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On the other hand, the low degree for seed tissue surprises because of the necessity for
nutrient storage. Apparently, the stored phosphorus is not bound to proteins to a large extent
in seeds. Indeed, it is known that the major source of phosphorus in seeds is phytic acid [197],
which probably explains why plants do not have to rely on phosphorus bound to proteins for

seed germination.

IV.2.3. Methods involving standard peptides

The methods involving internal standards can be divided in two sections: one
involving the addition of a standard, which is not derived from the sample [198] and one
where peptides derived from the protein of interest are used [67, 68, 199-201]. Integrated ion
traces of the phosphopeptide are then standardised using the ion traces of other, non-
phosphorylated peptides. These ratios can be compared for multiple samples and thereby
differences in the extent of phosphorylation can be determined. Since these methods are non-
invasive in that they do not require chemical modification of the protein of interest they are

especially well suited to disclose the native phosphorylation of a protein.

Phosphorylation of sucrose-phosphate synthase from A. thaliana

Despite being a well studied example of regulation by protein phosphorylation (see
introduction) many questions remain open. For example, no temperature dependency of SPS
phosphorylation had ever been reported even though sucrose is an important osmoprotectant
and no phosphorylation site of A. thaliana was known. To investigate phosphorylation of
sucrose-phosphate synthase from A. thaliana an approach was developed to relatively
quantify phosphorylation changes in any serine or threonine phosphorylated protein of interest
in a robust manner. A recombinant version of the enzyme was incubated in vitro with several
protein extracts derived from A. thaliana adapted to different temperature conditions. First
results were obtained after SDS-PAGE followed by Pro-Q phosphospecific staining. Proteins
were then digested and separated by HPLC. MS? and MS” ion traces of the phosphopeptide
were integrated and standardized using unmodified peptides of the same protein found in the

same MS run.

The standardized ion traces were compared for the protein derived from different
treatments (for which the unmodified peptides do not change but the phosphorylated peptides
do) and thus differences in phosphorylation could be monitored. It was found that
quantification based on MS? data is generally preferable over the less selective MS? data
integration and can in principle be done automatically. However, when intensities are not

sufficient for quantification on the MS’ level, as was the case for the 32°C samples MS”
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manual integration gives a good measure for relative quantification. A raw estimation of
differences in the extent of phosphorylation could be made from the signal obtained by
phosphorus-specific fluorescent labelling (Pro-Q, see chapter III). The obtained values
confirmed the results from the phosphostain (figure 14). However, no value could be

determined for the 4°C samples due to over saturation.

Since this was an in vitro experiment one can only extrapolate these results to the in
vivo situation. It should be noted that in spinach SPS the phosphorylation of the homologues
serine 158 is reported to lead to a decreased activity of this enzyme. Since sucrose is regarded
as an osmoprotectant, theory would suggest SPS phosphorylation at serine 159 to be

decreased in the cold.

Arbitrary units

Fig. 14: Evaluation of
7 phosphostain signal intensity:
70 SPS incubated with extracts
6 derived from plants treated at
:(5) 32°C; 20: SPS incubated with
50 | extracts derived from plants
45 treated at 20°C. For SPS
40 incubated with extracts derived

32 20 Jrom plants treated at 4°C no
data was obtained due to over-

saturation. Y-axis: arbitrary units related to pixel intensities X-axis: temperature [°C].

As the opposite was observed three possible explanations are possible: the in vitro
findings do not adequately reflect the in vivo situation, the single time point of sampling only
delivered a snapshot and might not adequately reflect the overall situation, or regulation under
cold stress in A. thaliana differs markedly from spinach. For a more detailed discussion see

the relevant publication at the end of this chapter.

In addition to the published results phosphorylation stoichiometry was calculated. For
the samples generated with plant extracts treated at 32 °C, which displayed the lowest
phosphorylation level for all samples and thus the highest signal for the non-phosphorylated
peptide, a calculation of stoichiometry was possible. The respective standard peptides
(ISSVDVFENWFAQHK in its phosphorylated and unphosphorylated version) were measured
and the peak values obtained for the 32 °C samples corrected as described in [201]. A

phosphorylation degree of about 40% was determined in this way. In the other two samples
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low signal-to-noise ratios and interfering peaks made efficient quantification of the non-
phosphorylated peptide impossible. However, since the relative phosphorylation calculated
for the 20°C and 4°C samples was about 1.7 fold respectively 2.6 fold of the value determined
for the 32°C samples, this gives phosphorylation stoichiometries of about 68 % and 104 %.
The 104 % can easily be explained by considering the standard deviations of about 20 % for
every mean value. These results show that phosphorylation stoichiometries of about 100 %
were achieved in these experiments with the 4°C samples suggesting once more that the
observed reaction was not an unspecific artefact. Indeed, the absolute value of the peak area
for the phosphopeptide derived from the 4 °C samples was the same (within error bars) as the
combined peak area values for the phosphorylated plus unphosphorylated peptide of the 32 °C

sample.
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Appendix chapter IV

Wolschin, F., Lehmann, U., Glinski, M. & Weckwerth, W. An
integrated strategy for identification and relative quantification of
site-specific protein phosphorylation using liquid chromatography
coupled to MS*/MS®. Rapid Commun Mass Spectrom 19, 3626-3632
(2005).
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An integrated strategy for identification and relative
quantification of site-specific protein phosphorylation
using liquid chromatography coupled to MS*/MS°

Florian Wolschin, Ute Lehmann, Mirko Glinski and Wolfram Weckwerth*
Max Planck Institute of Molecular Plant Physiology, 14424 Potsdam, Germany
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Reversible and differential multisite protein phosphorylation is an important mechanism
controlling the activity of cellular proteins. Here we describe a robust and highly selective
approach for the identification and relative quantification of site-specific phosphorylation events.
This integrated strategy has three major parts: visualisation of phosphorylated proteins using
fluorescently stained polyacrylamide gels, determination of the phosphorylation site(s) using
automatic MS? triggered by the loss of phosphoric acid, and relative quantification of phosphoryla-
tion by integrating MS*- and MS>-extracted ion traces using a fast-scanning, linear ion trap mass
spectrometer. As a test case, recombinant sucrose-phosphate synthase (SPS) from Arabidopsis thali-
ana (At5g1110) was used for identification and quantification of site-specific phosphorylation. The
identified phosphorylation site of the actively expressed protein coincides with the major
regulatory in vivo phosphorylation site in spinach SPS. Site-specific differential in vitro phosphor-
ylation of native protein was demonstrated after incubation of the recombinant protein with
cold-adapted plant leaf extracts from A. thaliana, suggesting regulatory phosphorylation events

of this key enzyme under stress response. Copyright © 2005 John Wiley & Sons, Ltd.

Covalent multisite protein phosphorylation has long been
known to be a key post-translational regulatory modification;
the ability to quantitatively assess the site-specific phosphor-
ylation state of a protein, however, has held many challenges
for investigators. Protein-specific phosphorylation can be
detected by separating proteins on gels and staining with a
phosphate-specific fluorescent dye."* Site-specific phosphor-
ylation can best be addressed using selective mass spectro-
metric methods,? but neutral loss of phosphoric acid during
the collision-induced dissociation (CID) fragmentation
process often impairs thorough fragmentation of the
peptide backbone and thus results in ambiguous database
identifications.

Different approaches have been applied to circumvent this
problem. A promising technique used by Syka et al.* makes
use of a fragmentation approach called electron-transfer
dissociation (ETD), which leaves the phosphorylated residue
intact and thus allows more definitive site identification. The
drawback of this approach, however, is its limited availability
due to the sophisticated instrument modifications needed.
An alternative is the replacement of the phosphate moiety
with another, more stable group, a process that consists of
two parts: removing the phosphate by beta-elimination and

*Correspondence to: W. Weckwerth, Max Planck Institute of
Molecular Plant Physiology, 14424 Potsdam, Germany.
E-mail: weckwerth@mpimp-golm.mpg.de

Contract/grant sponsor: The Max Planck Society.

adding another nucleophile to the generated doublebond ina
Michael addition reaction.’ However, this process sometimes
leads to unwanted side reactions.*” Another approach
detects the characteristic neutral loss of phosphoric acid
automatically and then triggers an additional MS® fragmen-
tation step on the remaining precursor.*” The resulting
spectrum is often informative enough to determine the site of
phosphorylation. As reported recently, however, to make
reliable identifications using this approach, the data derived
from MS” and MS® spectra should be combined.'*!!

Even though phosphorylation site determination is an
important step towards understanding site-specific protein
regulation, phosphorylation quantification at the site of
interest is the ultimate step revealing biological relevance.
To obtain quantitative data on protein phosphorylation,
different approaches have been described. One powerful
method is based on liquid chromatography (LC) coupled to
inductively coupled plasma mass spectrometry (ICP-MS).'*~1*
With this approach, it is possible to determine the ratio of
phosphate to other elements present in the protein of interest
as well as of the absolute amount of phosphate present in a
protein/peptide. Localisation of the phosphorylated residue,
however, has to be performed by LC/MS in a separate
experiment.

Other MS-based methods rely on beta-elimination and
stable isotope labelling mentioned above,>'>'® or on
chemical tagging of other amino acid residues.'”~'? After
differential tagging, samples are mixed and the ratios of

Copyright © 2005 John Wiley & Sons, Ltd.



peptides are determined. However, with these derivatisa-
tion strategies only a limited number of samples can be
compared and undesired side reactions during the proce-
dure can lead to erroneous results (see above). Other
approaches use internal standard peptides for quantitative
analyses. Ruse et al? added standard peptides to the
tryptic digest of protein kinase C to obtain ratios of the
phosphopeptide of interest to the synthetic peptide. A
different strategy described by Tsay et al.>' involves the
digestion of a phosphorylated protein followed by peak
integration from MS ion traces of the phosphopeptide and
its non-phosphorylated cognate for relative quantification.
These ratios can be compared for multiple samples. A
similar but more refined approach was published recently
by Steen et al.,** who used multiple peptides of the same
protein rather than only the cognate non-phosphorylated
peptide, thereby better describing the increase or decrease
of phosphorylation.

Here, a novel integrative strategy is described for site-
specific identification and quantification of protein phos-
phorylation using a fast-scanning linear ion trap mass
spectrometer and precursor-targeted MS? and MS® capabil-
ities. Using this strategy the in vitro phosphorylation site of
recombinant Arabidopsis thaliana sucrose-phosphate synthase
(SPS), a key enzyme in plant sucrose metabolism, was
identified as serine 159. This site coincides with the
phosphorylation site in spinach SPS known to be phosphory-
lated during a diurnal rhythm of the plant.** Incubation with
cold-adapted leaf extracts led to differential site-specific
phosphorylation of the recombinant native A. thaliana
enzyme, suggesting a role of this phosphorylation site also
in cold-acclimation.

EXPERIMENTAL

Chemicals

Microcystin was supplied by Cyano-Biotech (Berlin,
Germany). Recombinant SPS was provided by Ute
Lehmann. Sequencing-grade trypsin was from Roche
(Mannheim, Germany). All other chemicals were from
Sigma (Miinchen, Germany).

Growing and treatment of plants
A. thaliana plants (ecotype Columbia) were grown in a Perci-
val growth chamber for 5 weeks at 20°C at a 12h day/night
rhythm. Light intensity was adjusted to 130 pE. After 5 weeks,
plants were transferred to 4°C or to 32°C while control plants
remained at 20°C. After another 72 h, 8 h into the light phase,
plants were harvested directly into liquid nitrogen.

Three plants were pooled for each sample and the material
was ground with liquid nitrogen.

Native protein extraction from leaves for

in vitro phosphorylation of recombinant SPS

A. thaliana proteins were extracted from 300 mg of frozen leaf
with 400 pL of incubation buffer containing 20% glycerol,
50mM Tris pH 7.5, protease inhibitor mix from Sigma (final
concentration: 100 pM bestatin, 20 UM pepstatin A, 2mM
(4-(2-aminoethyl)benzenesulfonyl fluoride, 30 uM (2S,35)-3-
(N-{(5)-1-[N-(4-guanidinobutyl)carbamoyl]3-methylbutyl}

Copyright © 2005 John Wiley & Sons, Ltd.
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carbamoyl)oxirane-2-carboxylic acid, and 5mM 1,10-phe-
nanthroline), 20 mM leupeptin, 1 mM benzamidine, 60 mM
NaF, 0.3 uM microcystin, and 5 mM dithiothreitol (DTT), for
20min at 4°C. The material was centrifuged for 5min at
14000rpm and the supernatant desalted on a Sephadex
G-25 column using the buffer described above without gly-
cerol. Protein content was determined using the Bradford
test with ovalbumin as a standard.

In vitro phosphorylation assay of SPS using
temperature-adapted leaf extracts
The in vitro assay was performed essentially as described pre-
viously.” Briefly, 35 uL of SPS in Tris buffer (~0.5mg/mL)
was mixed with 100 uL desalted leaf extract, 2 puL MgCl,
(1M), 2 uL CaCl, (0.1 M), and 10 uL adenosine triphosphate
(ATP) (0.1 M) and incubated in a water bath for 15min at
25°C. In the controls, ATP or SPS was replaced with extrac-
tion buffer (without glycerol).

The reaction was stopped by adding four volumes of
methanol followed by methanol/chloroform precipitation
according to Wessel.**

SDS-PAGE, phosphostaining, and Coomassie
staining
Precipitated proteins were dissolved in 1x SDS sample
buffer (45 mM Tris, pH 6.9, 10% Glycerin, 1% SDS, 0.01%
bromophenol-blue, and 50mM DTT) and approximately
30png was loaded per lane of 10% acrylamide gels. The
separation was followed by a Pro-Q Diamond staining step
(Invitrogen, Karlsruhe, Germany), essentially following the
instructions in the manual. For increased specificity, it was
necessary to change the fixation solution once after 30 min.
The gels were then stored in the fixation solution overnight.
Phosphostaining was performed the next day following the
instructions of the manufacturer. Phosphorylated proteins
were visualised using a Biorad Geldoc station (Miinchen,
Germany) and an amber filter (Clare Chemicals, Dolores,
USA).

The phosphostaining was followed by three washes with
double-distilled H,O. Proteins were then stained with
Coomassie.

In-gel tryptic digest

Protein spots corresponding to SPS were excised, reduced
with DTT, and alkylated with iodoacetamide, followed by
overnight digestion with trypsin as described previously.”
The next day, peptides were extracted from the gel in three
consecutive steps using increasing percentages of acetonitrile
(5, 50, and 90%, each containing 1% formic acid).

Chromatographic peptide separation and
phosphorylation site identification using
nano-LC coupled to a linear ion trap mass
spectrometer

Peptides were loaded directly onto a ProteoSpher®™ Micro
column (0.5 mm x 15 mm; Merck, Darmstadt, Germany) at a
flow rate of 3 pL/min, and separated over 85 min through a
gradient ranging from 20% to 100% buffer B (0.1% formic
acid in methanol) with buffer A (0.1% formic acid and 2.5%
acetonitrile in water). Separation and measurements were
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performed using an Agilent 1100 nano-LC pump (Boblingen,
Germany) coupled to an LTQ ion trap (ThermoElectron,
San Jose, USA) equipped with a nano-ESI source. The voltage
was applied directly to the analyte solution using a T-piece.
To identify tryptic peptides, phosphopeptides, and phos-
phorylation sites, automatic data-dependent acquisition
was performed consisting of acquisition of a full MS' scan,
a subsequent MS? scan, and a neutral loss MS® scan. The neu-
tral loss MS® scan was triggered automatically when one of
the five most intense MS? fragments corresponded to the pre-
cursor ion with a loss of 32.7, 49.0, or 98.0 Da (H5POy for the
+3, 42, and +1 charged ions, respectively). Peptides were
identified by searching the spectra against an A. thaliana data-
base” containing trypsin and keratin sequences, using the
Sequest algorithm (ThermoElectron, Dreieich, Germany)
and filtering the results with Xcorr values of 2.0, 2.5, and 3.5
for singly, doubly, and triply charged ions, respectively. The
spectra derived from phosphopeptides were inspected
manually (charge state and identification of MS* and MS®
spectra were checked for their concordance).

Relative quantification and normalisation of SPS
phosphorylation

For normalisation of SPS phosphorylation to the total amount
of SPS protein in the gel, additional tryptic peptides of the
protein were identified. In the same LC/MS run precursor-
targeted MS? scans for these internal reference peptides, as
well as for the newly identified phosphopeptide ISpSVD-
FENWFAQHK (m/z 944.4), were recorded. Additionally,
MS? scans were recorded for the phosphopeptide (transition
m/z 944.4 — 895.3). Precursor-targeted MS® and MS® ion
traces were integrated, and internal reference peptides
for the normalisation procedure were identified as follows:
individual integrated ion traces from each group of samples
(4,20, and 32°C) were divided by the median of all replicates.
Peptides giving the most consistent results among all repli-
cates (i.e., values after division by the median were close to
one) were regarded as reliable internal reference peptides.
Using sequential SPS protein dilutions and internal reference
peptides it was ensured that the measured values were well
within the linear range of the instrument. At least ten scans
per peak were used for peak integration. The resulting peak
area ratios were further normalised to total protein content in
the in vitro phosphorylation assay. The peak area of the phos-
phopeptide of each sample was normalised by dividing the
calculated area by the area of the internal reference peptides,
and results were compared. Also, the ratios of the different
reference peptides were checked for each run. The mean
and standard deviation for each peptide ratio were calculated
from at least four independent replicates.

RESULTS

Approach outline: detection and relative
quantification of site-specific protein
phosphorylation

An overview on the general strategy for the identification and
relative quantification of serine/threonine phosphorylation
is shown in Fig. 1. In this strategy, phosphorylation events

Copyright © 2005 John Wiley & Sons, Ltd.

Phosphoryfation of the protein of interest
under different conditions
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Step 1: 'SDS-PAGE and in-gel detection of
phosphorylation using a fluorescent dye'
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Step 2. '‘Determination of phosphorylation
sites using neutral loss driven Ms*
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Step 3: ‘Library of phosphorylation sites
and suitable internal reference peptides’
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Step 4: ‘Site-specific relative quantification
of phosphorylation using MS? and MS?
data’
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Figure 1. General overview of the approach used for
detection and relative quantification of specific phosphoryla-
tion sites.

were detected using a fluorescent stain. Subsequently, phos-
phorylation sites were identified using neutral loss-driven
MS®. Phosphorylation levels were quantified in different
samples by determining the ratio of precursor-targeted MS*
or MS® ion traces of the phosphopeptide to the selected
internal standard peptides. Detailed descriptions of these
steps are given in the following sections.

Detection of in vitro phosphorylation of
recombinant native SPS

Recombinant SPS was incubated in vitro with ATP and with
protein extracts derived from plants conditioned at different
temperatures (32, 20, and 4°C) for 72 h. Extracted proteins
were then separated by sodium dodecyl sulfate/polyacryla-
mide gel electrophoresis (SDS-PAGE) and stained with a
phosphate-specific stain and with Coomassie (Fig. 2). The
amount of SPSloaded per lane was constant for all of the sam-
ples (see Fig. 2). Different extents of phosphorylation in
samples from plants conditioned at different temperatures
(32,20, and 4°C; Fig. 3(A)) were observed. The control treated
without ATP does not show a signal in phosphostaining.

Identification of in vitro phosphorylation

sites of SPS

The phosphorylated SPS protein band observed after
SDS-PAGE was digested with trypsin, and the resulting
peptides were subjected to a neutral loss experiment for
phosphoric acid using an LTQ ion trap. In this experiment,
the dominant neutral loss fragment observed in the MS”
spectrum was automatically dissociated resulting in a more
informative MS? spectrum of the phosphopeptide. Using this
process the in vitro phosphorylation site of recombinant
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Phosphostain

] Commassie

4 4

Figure 2. Visualisation of SPS phosphorylation using Pro-Q staining and imaging of total protein content by
Coomassie staining. M =protein molecular weight marker; —SPS =incubation without SPS; —ATP =incubation
without ATP; 32 = SPS incubated with extracts derived from plants treated at 32°C for 72 h; 20 = SPS incubated with
extracts derived from plants treated at 20°C for 72 h; 4 = SPS incubated with extracts derived from plants treated at 4°C
for 72 h: (A) Pro-Q staining and (B) Coomassie staining (~5 g SPS were loaded per lane).

A. thaliana SPS was determined. Figure 3 shows MS* and MS®
spectra of the tryptic SPS phosphopeptide IS-pS-VDVFENW-
FAQHK. As a further control the charge states of the precursors
and the detected fragment ions following the specified neutral
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Figure 3. (A) MS? spectrum of the doubly charged phos-
phopeptide IS-pS-VDVFENWFAQHK (m/z 944.4) and (B)
cognate neutral loss MS® spectrum triggered by the
observation of loss of H3PO,4 (m/z944.4 — 895.3). lon peaks
annotated in italics denote phosphorylation in the MS?
spectrum, and dehydroalanine in the MS® spectrum.
Pm = precursor ion.
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losses were compared, to verify fragment spectra derived from
neutral loss-driven MS>.

Relative quantification of site-specific SPS
phosphorylation using highly selective
precursor-targeted MS? or MS® scanning

Relative quantification was performed on the in vitro phos-
phorylated SPS. After the identification of the SPS phospho-
peptide and other non-phosphorylated SPS peptides in a
survey experiment consisting of MS, MS?, and MS®, we set
up an experiment based solely on MS* and MS® scanning of
precursor ions determined in the survey experiment. As can
be seen in Fig. 4, the MS? extracted ion trace for the identified
phosphopeptide is much more selective than MS?, thereby
increasing peak-purity and the accuracy of peak integration.
However, at the limit of detection (LOD), as in the case for the
32°C samples, not enough scans per peak are sampled and
peak integration is hampered.

MS? and MS® ion traces were integrated and ratios of
(phosphopeptides/internal standard peptide) peak areas
were calculated. Figure 5 shows the ratio of the phosphopep-
tide to an internal standard peptide. Normalisation to other
internal peptides gave similar results throughout all LC/MS
runs (data not shown, see also Experimental section for the
selection of an appropriate internal standard). The non-
phosphorylated peptide cognate ISSVDFENWFAQHK of the
phosphorylated peptide could be observed, but was not used
for normalisation purposes since reliable peak integration
was impossible. Internal standard peptides showed constant
peak areas for all experiments. Peptides that were found to
have high deviations contained methionine and cysteine;
these peptides are not suitable because of the variations in
methionine oxidation and cysteine modification, and are
therefore not recommended for quantification purposes.

The SPS phosphorylation site serine 159 showed varying
degrees of phosphorylation depending on the temperature-
adapted leaf tissue (see Fig. 5). The increase of phosphoryla-
tion correlates with cold-acclimated plants. This observation
also holds true for the MS® trace, which could only be
integrated for the 20 and 4°C samples since the number of
scans/peak for the 32°C samples was not sufficient for
reliable integration. Problems with low scan numbers per
peak can, in principle, be overcome using a triple-quadrupole
mass spectrometer with multiple reaction monitoring
(MRM), as shown in a recent study investigating peptide
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library phosphorylation;27 however, identification of the
peptide is not possible using MRM. The MS® spectrum is a
reliable source for identifying and quantifying phosphoryla-
tion sites with an optimised selectivity in terms of signal-to-
noise (S/N) ratio (see Fig. 4). For low phosphorylation
stoichiometries, however, the intensities of the MS® traces are
often not strong enough, so MS? data are complementary. In
our recent study the direct comparison of high-resolution
phosphopeptide MRM transitions using a triple-quadrupole
mass spectrometer showed higher sensitivity than precursor-
targeted MS? and MS® scans on a linear ion trap.”

A.

in

In this work, we took a close look at the site-specific
dynamic phosphorylation pattern of sucrose-phosphate
synthase (SPS) in A. thaliana. This enzyme catalyses a
regulatory key step in sucrose metabolism in plants. In

thaliana, SPS consists of a gene family with four members

(At5g20280, At5g11110, At4g10120, and At1g04920). For our
study we chose the isoform At5g1110 containing the putative
phosphorylation site motif RISS'®® known from spinach
SPS.* Following the proposed strategy we first identified the

vitro phosphorylation site of SPS as serine 159 using

recombinant enzyme and an in vitro phosphorylation assay

with plant leaf tissue.>?” The identified phosphorylation site

DISCUSSION

in the A. thaliana SPS protein coincides with the conserved

serine 158 from the spinach protein, indicating regulatory

The approach described in this work is suitable to reliably
identify and relatively quantify serine/threonine phosphor-
ylation of a protein of interest. Several steps are used to
achieve a high level of robustness and selectivity. Visualisa-
tion of phosphorylation is accomplished using a fluorescent
dye which selectively stains phosphorylated proteins. At this
level it is possible to obtain a preliminary impression of
changes in phosphorylation. However, one can infer nothing
about the site(s) of phosphorylation based on these data. Site-
specific information is gained using a highly selective
approach based on MS in which two different types of
LC/MS" experiments are conducted to increase selectivity
and S/N ratio. In the first experiment, the peptides them-
selves are identified; in the second, the relative levels of
phosphorylated and non-phosphorylated forms of the
peptides are quantified at the MS? or MS® level based on
the determined m/z values. Only peptides derived from the
same sample as the phosphopeptides are used for normalisa-
tion, thus minimising run-to-run inconsistencies.

an
of

in vivo importance in A. thaliana as well.

Subsequently, we used the information of the exact
phosphorylation site to set up a site-specific quantification
procedure. A fast-scanning linear ion trap was used to
perform MS? and MS? fragmentation on the phosphopeptide
precursor ion. The resulting ion traces were integrated and
normalised to internal standard peptides derived from the
same protein digest and LC/MS run. Using this approach we
investigated whether phosphorylation of serine 159 has any
relation to abiotic stress responses such as cold-acclimation.
SPS catalyses the formation of sucrose phosphate from the
substrates UDP-glucose and fructose-6-phosphate; changes
in its activity thus result in an altered ratio of monosacchar-
ides to disaccharides. Since saccharides are known to
function as osmoprotectants, changes in this ratio might be

adaptive response to cold stress. Indeed, the investigation
the amount of phosphorylation of serine 159 showed

increased levels under cold-acclimation (see Fig. 5). Phos-
phorylation of the SPS serine 158 in spinach has been reported
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Figure 4. Chromatograms for precursor-targeted MS? and MS® scans. (A) Chromato-
gram acquired using MS? scans of the doubly charged ion of the phosphopeptide 1S-pS-
VDVFENWFAQHK (m/z 944.4). (B) Chromatogram acquired using MS® scans of the
dehydroalanine peptide 1S-dhS-VDVFENWFAQHK formed by neutral loss of HzPO,4 in
MS2. Integration of the MS® ion trace leads to a better S/N ratio compared to integration

of the MS? ion trace.
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Figure 5. Relative quantification of in vitro phosphorylation
of SPS. X-axis: temperature at which the plants were
acclimated for 72 h. Y-axis: peak area ratios from the MS?
ion traces of the phosphopeptide IS-pS-VDVFENWFAQHK
(m/z 944.4) and of the internal reference peptide ELLWPHI-
PEFVDR (m/z 827.2) used for normalisation. At least four
independent replicates were used to determine each mean
and standard deviation.

to decrease activation of SPS at night,*>*** and chilling has

been reported to delay SPS activity.30 However, for inter-
pretation of our results it is important to consider this as an
in vitro experiment. Therefore, is it likely that an appropriate
balance in SPS activity is achieved in vivo through both a
specific kinase and a phosphatase(s). At present we are not
able to discriminate the effects these counterbalancing forces
have on the regulation of SPS activity in A. thaliana. However,
site-specific relative quantification indicates that serine 159
plays a role in differential modification of SPS (At5g1110)
under cold-acclimation.

Two other phosphorylation sites, which have been
suggested for spinach SPS,*' could not be confirmed for
A. thaliana SPS in our studies. While the non-phosphorylated
but not the phosphorylated homologue of the site surround-
ing 5424 was found, the peptide containing the site homo-
logue surrounding 5229 could not be identified (neither in its
phosphorylated nor in its non-phosphorylated form). The
contribution of the two remaining possible sites to overall SPS
phosphorylation cannot be excluded. However, since the
differences in phosphorylation observed in the MS-based
studies corresponded well with the observations on the gel,
and since the observed site is a homologue of the major
regulatory site in spinach,29 we assume that the phosphor-
ylation event with the main impact on SPS regulation was
monitored.

While we used an in vitro phosphorylated recombinant
protein for our analysis, the strategy discussed can also be
applied to proteins purified from their in vivo sources as long
as the phosphorylation is located on a serine or threonine and
is preserved during purification, and as long as the
stoichiometry is high enough to reliably detect the phospho-
peptide. If the abundance of the phosphorylated protein is
not high enough for detection, enrichment procedures can
help to separate phosphorylated proteins or peptides from
the non-phosphorylated ones and thus lead to mixtures of
lower complexity. This can be achieved by using anti-
phosphotyrosine/serine/threonine antibodies, immobilised
metal affinity chromatography (IMAC), or the more
recently introduced metal oxide affinity chromatography

Copyright © 2005 John Wiley & Sons, Ltd.
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(MOAC).?>*® Then, of course, one would have to add an
external standard for quantification as described by Cutillas
et al.>* However, all other steps (detection of phosphoryla-
tion, phosphorylation site identification, and site-specific
quantification by integrating MS* and MS® data) can be
performed as described here. If the non-phosphosphorylated
cognate can also be used for quantification purposes (i.e., the
ion trace is suitable for reliable integration) it is possible to
determine phosphorylation stoichiometries in analogy to
the approach of Steen et al.” but using increased selectivity
with MS? and MS? ion traces instead of MS ion traces (see
Fig. 4(B)). A further extension is the use of MRM on a triple
quadrupole.””

In conclusion, the method presented here enabled phos-
porylation site identification and relative quantification,
revealing differential regulation of cold-acclimated sucrose-
phosphate synthase in A. thaliana. Using widespread meth-
ods and instrumentation such as phosphostaining and ion
trap or triple-quadrupole LC/MS, the overall process is
adaptable to a wide range of similar experimental setups to
monitor differences in site-specific protein phosphorylation.
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Concluding remarks

Concluding Remarks

Broad scale research on protein phosphorylation in plants, often called  plant
phosphoproteomics is still in its infancy. However, examples exist describing various aspects
of the importance of protein phosphorylation as a regulatory mechanism. In nature, in addition
to protein phosphorylation other protein modifications contribute to the complex signalling
pathways. Thus, phosphorylation is only one, however very important, layer of

posttranslational modification influencing interaction and regulation of proteins.

While it is still not as sensitive and selective as *°P labelling, fluorescent dye
technology has the potential to replace radioactive methods in the future. Because it is not
invasive and applied after protein extraction from their in vivo sources it does not alter the
phosphorylation state of proteins in a consequence of the experimental setup as might be the
case when using *’P. Mass spectrometry based methods are increasingly becoming
indispensable for the study of protein phosphorylation because of their sensitivity and
selectivity. The neutral loss driven MS? approach, which was extensively used in this thesis,
proved to be a good means to obtain high quality data on protein phosphorylation,
qualitatively as well as quantitatively, but only when considering the MS? data. My work
clearly demonstrated that stringent filtering criteria are necessary for unambiguous
identification of phosphorylation sites with high levels of confidence. Although, this sort of
approach results in a low number of identified phosphopeptides, it delivers high quality and
reliable data, which can be used as a solid basis for further research on phosphorylation in
plants. This is in contrast to some published lists of phosphoproteins for which only moderate
criteria were applied. In future, even higher sophisticated instruments will be available and
mass spectrometry based research will probably become part of any laboratory working on
protein biochemistry. Mutation/knockout analyses will continue to be important when specific

functions are to be assigned to site-specific protein phosphorylations.

Further research on phosphorylation is likely to detect important regulatory
mechanisms and signalling pathways in plants and by comparison to the better studied animal
models it can reveal major similarities and differences between the different kingdoms of life.
My own work was restricted to phosphorylation events on serine and threonine since these are
regarded as the most important phosphorylation events in plants. However, it should be noted
that histidine/aspartate phosphorylation is also reported for plants and is in fact an important

event that triggers signal transduction in response to extracellular stimuli including cytokinin
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and ethylene signalling [202, 203]. Therefore, it seems likely, that this kind of

phosphorylation will be an important research area in the future.

The methods I developed and applied proved to be well suited to investigate
phosphorylation on a broad scale in non-targeted approaches (general identification of novel
protein phosphorylation sites) but also to conduct detailed hypothesis-driven experiments (as
could be shown for PEPC and SPS). MOAC based on aluminum hydroxide is a cost effective
and robust alternative for the enrichment of phosphoproteins out of complex protein mixtures.
In combination with neutral loss driven approaches it can greatly facilitate the tricky analysis
of in vivo protein phosphorylation. The quantitation method I developed serves as a robust
approach to investigate phosphorylation levels of individual proteins and the ICP-MS
approach applied proved to be useful for the investigation of organism or tissue wide
phosphorylation levels. Thereby, all important steps of protein phosphorylation analysis were
covered and important contributions to most of these steps were made: from the enrichment of
phosphoproteins to the detection of protein phosphorylation then to phosphorylation site

determination and finally to the quantification of protein phosphorylation.
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Appendix: Experimental outline for the analysis of protein

phosphorylation

The work described in this thesis resulted in a robust procedure to analyse protein

phosphorylation in plants. An outline of the general strategy is given below.

Enrichment of phosphorylated proteins:

The material to be used is frozen in liquid nitrogen and ground in a pre-chilled mortar.

Up to 2 g of ground sample (leaf, whole plant tissue, or cell cultures) or the pellet from about
100 ml of C. reinhardtii in the exponential phase are mixed with 5 ml extraction buffer
containing freshly add beta-mercaptoethanol (1-5 %) and 15 ml TE (tris edta, pH 7.5 provided
by Roth, Germany) buffered phenol (material may be divided into two falcon tubes for
convenience). The mixture is incubated for 30 min at 4°C and centrifuged for 8 min at 4000
rpm. The upper phase (containing the proteins) is transferred to a fresh falcon tube and

precipitated over night with five volumes ice-cold acetone.

Protein extraction and separation from DNA/RNA with phenol

J

Precipitation of proteins with acetone

Resuspension of the pellet in incubation buffer and

enrichment of phosphorylated proteins

Precipitation of proteins with methanol/chloroform

and separation of proteins (SDS-PAGE)

Detection of phosphoproteins and verfication of enrichment using phosphate specific
fluorescent labelling

Fig. 15: General workflow for the analysis of protein phosphorylation part I.

On the following day pellets are washed twice with ice-cold methanol (5 ml and 2.5
ml) and dried for 30 min at room temperature. Pellets are then dissolved in 1.8 ml MB (see
below) under vigorous vortexing for 5 min. It may be useful to further soften the pellet by
using a plastic pistil. Aluminum hydroxide (Sigma A-1577) is preequilibrated with MB by a
short washing step (80 mg matrix are mixed with 1.8 ml MB, centrifuged at 10.000 rpm for 2
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min and the supernatant is discarded). Up to 1 mg of protein in 1.8 ml of MB is loaded onto

80 mg of AI(OH); matrix.

The mixture is rotated at 4°C for 30 min and consecutively centrifuged for 1 min at
10.000 rpm. The supernatant is discarded or saved for the analysis of unbound protein and the
matrix is washed five times by adding 1.8 ml MB in each step and centrifuging at 10.000 rpm
for one minute). Proteins are eluted from the matrix by adding 800 ul of elution buffer and
incubating the mixture for 30 min at room temperature followed by centrifugation at 10.000

rpm for 2 min. The supernatant is precipitated by methanol/chloroform precipitation [204].

Buffer preparation for MOAC (phosphoprotein enrichment):

Extraction buffer:

50 mM Hepes

40 % sucrose

60 mM sodium fluoride

On the day of extraction dissolve buffer in water and adjust pH to 7.5 using KOH.

Dissolvation and binding buffer:

0.2 M sodium glutamate

0.2 M potassium aspartate

30 mM MES buffer

20 mM imidazole

0.25 % Chaps

8 M urea (should be omitted if not necessary for protein solubilisation)

On the day of extraction buffer is dissolved in water and adjust pH to 6.1 using HCI (be careful not to use
phosphoric acid for pH adjustment since it interferes with phosphoprotein binding).

Elution buffer:
0.1 M potassium pyrophosphate
8 M urea

On the day of extraction buffer is dissolved in water and pH adjusted to 9.0 using phosphoric acid.

Protein digestion and peptide analysis

Protein digestion

Protein pellets are dissolved in 1 x SDS-PAGE sample buffer under heating and
subjected to SDS-PAGE or dissolved in digestion buffer directly. Proteins are then digested

using the protocols described in [205] and [33], respectively.
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In gel or in solution digestion of the Fig. 16: General workflow
protein of interest . .
Jor the analysis of protein
L phosphorylation part I1.

Separation of peptides via hple
L Separation of peptides
J

For the separation of peptides many
Identification of phosphopeptides using a

fast scanning mass spectrometer with different methods and columns

: 3
neutral loss driven MS were used. However, some general

Jl recommendations are listed below.

Database search and manual validation Sample solvation: dissolvation of

the peptides in 2 % TFA (trifluoro acetic acid) and 5 % acetonitrile (put 8 ul of this mixture to
the peptide pellet, vortex, let the sample stay on ice for 5 min, vortex again, and centrifuge the

sample for 2 min at 10000 rpm).

Columns: monolithic columns (50 — 100 um ID; e.g. Merck; Darmstadt, Germany) were
found to deliver good performance. In addition, a special column designed for the
investigation of phosphopeptides (500 pum ID; Proteospher, Merck, Darmstadt, Germany) was

useful.

Flow rates: 300 — 500 nl/min (monolithic columns), 3 ul/min (Proteospher).

Nano-flow tips for ESI: Coated fused silica tips. ID 30 um for flow rates starting at 500
nl/min and ID 10 pm for lower flow rates (New objective; Woburn, USA).

Instrument type and instrument settings: several different mass spectrometers were used

during the thesis (MALDI-TOF (Applied biosystems), LCQ ion trap, TSQ, LTQ ion trap (all

thermo electron).The one that delivered best results and was most widely used was the LTQ
linear ion trap. Instrument settings varied depending on the type of method used. Typical

values for phosphopeptide analysis are shown below.

Mass window (window in which two precursors are treated as identical): 2 or 3, Normalised
collision energy: 35 (measured in arbitrary units); Q value (value with which an ion oscillates
in the trap): 0.25; wideband activation: off; activation time: 30 ms; Minimal MS signal: 1000;
Minimal MS" signal: 500; Repeat count (how many times a peak is recorded before the m/z
value is put on the dynamic exclusion list): 2; Repeat duration (the amount of time an ion
stays on a “pre-exclusion” list): 30 s; Exclusion list size (the maximum number of masses that
can be on the dynamic exclusion list): 100; Exclusion duration (the amount of time a mass

stays on the exclusion list): 80 s.
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Scans: MS scan followed by MS? scans for the three most intense ions and MS? scans if one
of the five most intense fragment ions in a MS? scan can be explained by a loss of 32.7, 49, or

98 Da from the precursor ion.

Useful links:

Database searching:

Sequest: commercial database searching program with many features. Together with mascot

the most widely used program. Should be used in combination with DTASelect
(http://fields.scripps.edu/sequest/).

Mascot: one of the most extensively used database search programs with a limited version

being publicly available (http://www.matrixscience.com/).
OMSSA: a very fast and useful open source program with limited graphical user interface
(http://pubchem.ncbi.nlm.nih.gov/omssa/).

GPM (global proteome machine): a powerful database searching program with an additional

spectrum library. Nice graphical user interface, limitations in the search for modifications
(two modifications can not be set as variable for the same residue in the initial search. Might

be changed in future releases)(http://www.thegpm.org/).
Protein phosphorylation site databases:

PlantsP: Plant protein phosphorylation database (http://plantsp.genomics.purdue.edu/).

Protein phosphorylation site database: Information on phosphoproteins in prokaryotic

organisms (http://vigen.biochem.vt.edu/xpd/xpd.htm).

Prokaryotic Protein Phosphatase Database: Information on protein phosphatases from

prokaryotic organisms (http://vigen.biochem.vt.edu/p3d/p3d.htm).

PhosphoSite: Data repository containing protein phosphorylation sites of mouse and human
(http://www.phosphosite.org/Login.jsp).

Phospho.ELM: contains a collection of experimentally verified Serine, Threonine and

Tyrosine sites in eukaryotic proteins (http://phospho.elm.eu.org/ ).

Protein Kinase Resource: General data repository for protein kinases

(http://www kinasenet.org/pkr/).
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