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I. Zusammenfassung
Proteine sind die Bausteine des Lebens da sie an fast allen biologischen Prozessen beteiligt
sind. Sie üben ihre Funktion oft im Rahmen von makromolekularen Proteinkomplexen aus,
welche wichtige Aufgaben wie das Pumpen von Ionen, die Katalyse von chemischen
Reaktionen und das Senden, Empfangen und Integrieren von molekularen Signalen
ausführen. Diese Aufgaben sind wiederum wichtig für komplexe zelluläre Prozesse wie
Zellwachstum, Proliferation, Apoptose etc. Die Komplexbildung ist ein dynamischer Vorgang.
Proteine binden einander und dissozieren wieder um jederzeit die spezifischen Bedürfnisse
der Zelle zu erfüllen. Die Zusammensetzung eines Proteinkomplexes bestimmt seine
Funktion in Raum und Zeit und die Bindung eines einzigen Proteins kann die Funktion
wesentlich beeinflussen. Es ist daher wichtig, die Proteininteraktionen und Proteinkomplexe
systematisch und quantitativ zu studieren, um ein besseres globales Verständnis der
biologischen Prozesse zu erhalten.
Die Methode der Wahl für die Untersuchung von Proteininteraktionen und Proteinkomplexen
ist Affinitätsaufreinigung in Kombination mit Massenspektrometrie (AP-MS). In AP-MS
Experimenten werden die Proteinkomplexe durch Affinitätschromatographie physisch vom
Zelllysat

getrennt

und

danach

die

Proteinuntereinheiten

der

Komplexe

mit

Massenspektrometrie identifiziert. Während AP-MS erfolgreich für die Studie ganzer
Interaktionsproteome in Hefe (S. cerevisiae) angewandt wurde, hat die gängige Technologie
in

Säugerzellen

bezüglich

Durchsatz,

Sensitivität

und

Robustheit

bisher

nicht

zufriedenstellende Resultate geliefert.
Das erste Projekt dieser Doktorarbeit war die Entwicklung eines neuen integrierten
Arbeitsablaufs um AP-MS für globale Studien in Säugerzellen nutzbar zu machen. Wir
vereinfachten den Arbeitsablauf von der Klonierung, über die Generierung der Zelllienien, die
Affinitätsaufreinigung bis zur Analyse mit Massenspektrometrie. Dabei entwickelten wir eine
Strategie mit überlegener Effizienz und Robustheit. Wir testeten unsere Strategie an einem
kleinen Interaktionsnetzwerk um die Serin Threonin Phosphatase PP2A. Wir fanden dabei
197 Proteininteraktionen mit hoher Reproduzierbarkeit und enthüllten die gleichzeitige
Existenz verschiedener Phosphatasenkomplexe.
Das Modellieren der dynamischen Organisation von zellulären Proteomen benötigt absolut
quantitative Interaktionsdaten. Darum war das zweite Ziel dieser Doktorarbeit eine neue APMS Methode zu entwickeln und anzuwenden, die es erlaubt Proteininteraktionen quantitativ

zu messen um Interaktionsstoichiometrien und die Verteilung der Proteine in gleichzeitig
existierende Komplexe abzuleiten. Unsere neue quantitative AP-MS Methode kombiniert die
Stärken von isotopenmarkierten Peptiden zur absoluten Quantifizierung mit den Vorteilen
von ʻmarkierungsfreien Quantifizierungsansätzenʼ. Sie erlaubt eine genaue Messung der
Komplexhäufigkeit

und

die

Detektion

von

Veränderungen

in

den

Komplexzusammensetzungen, wie wir anhand des humanen PP2A Systems aufzeigen
konnten.
Zusammenfassend werden in dieser Doktorarbeit experimentelle und analytische Fortschritte
für die Untersuchung von Proteininteraktionen und Proteinkomplexen präsentiert. Die neuen
Möglichkeiten werden eine systematische Ausleuchtung der Proteininteraktionen von
Säugern erlauben und eine quantitative Darstellung der Interaktionsproteome fördern. Dies
wiederum eröffnet neue Möglichkeiten zur Modellbildung von biologischen Prozessen.

II. Summary
Proteins are the building blocks of life as they are involved in virtually all biological
processes. They frequently exert their function in the context of macromolecular assemblies
or protein complexes, which perform important tasks such as the pumping of ions, the
catalysis of chemical reactions or the molecular signalling. In turn these tasks are absolutely
vital for complex cellular processes as for example cell growth, proliferation, apoptosis and
more. The assembly of protein complexes is dynamic. Proteins associate and dissociate to fit
at any time the specific needs of a cell. The composition of a protein complex determines its
function in time and space and the association or dissociation of a single protein can
modulate the function. Therefore, the systematic and quantitative study of protein interactions
and protein complexes is important to obtain a systems level understanding of biological
processes.
The method of choice for the study of protein-protein interactions and the investigation of
protein complexes is affinity purification and mass spectrometry (AP-MS). In AP-MS
experiments protein complexes are physically isolated from cell lysates by affinity purification
and subsequently the components of the complexes are identified by mass spectrometry.
While AP-MS workflows have been successfully applied to study the whole interaction
proteome of S. cerevisiae, previous workflows performed poorly in mammalian cells in
respect to throughput, sensitivity and robustness.
In the first project of this PhD thesis we developed a novel integrated workflow to make APMS amenable for the use in high throughput studies in human cells. We facilitated the overall
procedure from cloning, cell line generation, affinity purification to mass spectrometry
analysis. Thereby we developed a strategy with superior efficiency and robustness. We
benchmarked this strategy on a small interaction network around the serine threonine
phosphatase PP2A, where we could find 197 protein interactions with high reproducibility,
revealing the concurrent existence of distinct phosphatase complexes.
Modelling of the dynamic organization of cellular proteomes requires absolutely quantitative
interaction data. Therefore the goal of the second project in this PhD thesis was to develop
and apply a novel AP-MS method to analyse protein interactions in a quantitative manner to
measure interaction stoichiometries and predict the partitioning of proteins into concurrently
existing complexes in the human protein phosphatase 2A network. Our novel quantitative
AP-MS method combines the strength of isotope-labelled peptides for absolute quantification

with the advantages of label-free quantification. It allows accurate measurements of protein
complex abundances and detection of changes in protein complex assemblies.
In summary this PhD thesis presents experimental and analytical advances for the
investigation of protein interactions and protein complexes. The novel possibilities will
facilitate a systematic elucidation of mammalian protein interactions and promote a
quantitative representation of the interaction proteomes with unprecedented opportunities for
the modelling of biological processes.
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1. Introduction
1.1 Systematic protein interaction analysis
1.1.1 Systems biology

The advent of genome sequencing and the completion of genome projects of a variety of
organisms have propelled biology into a new age. From a traditionally data-poor science
working in a hypothesis driven manner, biology has become a discovery driven science. This
also transformed biology into an informational science where according to the dogma of
molecular biology the flow of biological information is organized hierarchically: DNA -> mRNA
-> protein (-> metabolites). However, as the biological processes are controlled by dynamic
networks of enormous complexity within and between different classes of molecules, this
classical hierarchical scheme can only give an insufficient picture.
Systems biology is a scientific discipline that analyses the complexity of biological processes
and aims to reveal connections and relationships between molecules that constitute a
biological system. The task of systems biology is to collect data on all the functional levels,
integrate it, model and display it and finally use it to predict certain behaviours of molecules,
networks or even whole cells, which ultimately can be probed to refine the models. Systems
biology combines discovery driven processes for the gathering of information with hypothesis
driven model refinement, mandatory to benefit from the information. Thereby, it follows the
assumption that complex biological processes and the factors steering these processes can
be extracted from global datasets 1.
As with the genome on the level of DNA, other levels of cellular organization can be studied
as a whole or at least in a larger context. These fields of interest comprise Transcriptomics
(mRNA), Proteomics (Proteins) and Metabolomics (Metabolites), but also other “omics”
emerged like Localizomics, Fluxomics or Phenomics. Typically, all these fields are heavily
relying on technologies, which allow a combination of a reliable measurement of the cellular
state with a fast high-throughput acquisition of this information. The development of such
technologies is still ongoing and therefore the advances in systems biology are strongly
technology driven. This also entails that new and more powerful techniques at the crossroads
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of biology and computation will lead to global insights into cellular mechanisms, which
ultimately can provide clues for the understanding and treatments of diseases 2.

1.1.2 Proteomics

Proteomics is the systems biology discipline concerned with the large-scale study of proteins
3

. Proteins are vital parts of living organisms, carrying out most of the molecular tasks. In

contrast to large-scale techniques on the DNA/RNA level, proteins cannot be amplified by a
method comparable to the polymerase chain reaction (PCR). Therefore, the analysis of the
proteome is performed directly on samples like cells, tissues, body fluids or even whole
organisms, only involving biochemical separation techniques as well as highly sensitive
detection techniques. Separation is often performed in two-dimensional gel electrophoresis
(separating the pI into one direction and the molecular weight into the other 4), but can also
involve separation steps in solution like size exclusion, ion exchange, affinity purifications,
centrifugation, reverse phase chromatography, off gel electrophoresis and others. Irrelevant
of the separation method, the main goals of proteomics are the identification and cataloguing
as well as the quantification of proteins. A catalogue of proteins allows the conclusion which
proteins constitute a certain cell or organism. Quantification of proteins provides the means
to identify differences in biological samples and is often applied to compare samples from
healthy and pathological or treated and untreated origin. Apart from antibody based detection
methods, mass spectrometry strategies are the most popular methods for the identification of
proteins. A mass spectrometer consists of an ion source, a mass analyser that measures the
mass-to-charge ratio (m/z) of ionized analytes, and a detector that registers the number of
ions at each m/z value

5

.

Electrospray ionization (ESI) and matrix-assisted laser

desorption/ionization (MALDI) are the two techniques most commonly used to volatize and
ionize the proteins or peptides for mass spectrometric analysis. While ESI ionizes the
analytes out of a solution, MALDI sublimates and ionizes the samples out of a dry, crystalline
matrix via laser pulses 6, 7
Compared to the genome, the proteome is much more variable from cell to cell and in time.
Experiments revealed that the transcript levels of certain genes are often poorly correlated
with the respective protein amounts 8. Possible reasons for this are posttanscriptional control
mechanisms like mRNA degradation, translational control and protein degradation. These
mechanisms help organisms to tightly control biological processes while still being able to
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adapt

quickly

3

to

different

environmental

conditions.

Furthermore,

posttranslational

modifications regulate the functions of proteins by controlling the abundance levels (e.g. via
ubiquitination followed by degradation), the activation state (e.g. via phosphorylation) or the
association with other proteins (e.g. via modification dependent complex formation).
Most proteins assemble dynamically into macromolecular complexes that are the functional
units of the cell. Association and dissociation of protein complexes are critical for the function
of fundamental cellular processes such as cell signalling, cell growth, proliferation and
apoptosis. Thus proteomics is also concerned about the interaction of proteins. Interaction
proteomics or „Interactomics“ aims to systematically identify and map the connectivity
between proteins in interaction networks. The first interaction networks were obtained by
Yeast two-hybrid technology (Y2H) 9. Y2H provides binary interaction information, but fails to
resolve co-complex associations. While Y2H is suitable to detect associations between two
proteins, it has clear limitations for the investigation of protein complexes

10

. Affinity

purification and mass spectrometry (AP-MS) on the other hand is the method of choice to
elucidate protein complex composition under physiological conditions 11.

1.1.3 Affinity purification and mass spectrometry (AP-MS)

Generally two strategies exist for the affinity purification of proteins. The first one uses
antibodies against each of the proteins of interest and allows the purification of the
endogenous proteins. The second one requires affinity-tagged recombinant proteins, which
on the other hand can be purified with antibodies against the affinity-tag. The second strategy
is more generic and allows for parallel sample preparation without the need to optimize the
purification protocols for each protein complex. Therefore it is the preferred strategy for larger
AP-MS studies. Proteins of interest (baits) are expressed in-frame with either an N- or a Cterminal epitope tag and are purified along with their interacting partners (preys). There are a
large variety of affinity tags available like FLAG, HA, Strep, ProteinA/G, Calmodulin Binding
Peptide (CBP) and others. Combinations thereof are used as well for multi step purification
protocols like for example the TAP-protocol

12

and some tags are accompanied by sites for

specific protease cleavage allowing for specific release from the affinity resin. Depending on
the organism, transcription of the recombinant gene can be controlled from the own promoter
like in S. cerevisiae or with the BAC system in mammalian cells

13

. Nevertheless, apart from

systems, which apply homologous recombination in S. cerevisiae to replace the original gene
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by the tagged version
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14

, the endogenous untagged protein is always concurrently expressed

with the bait. In expression systems with artificial promoters, there exist strategies for a
constitutive expression of the tagged protein and strategies, which allow for an inducible
expression.
After affinity purification proteins are subjected to proteolysis, which is usually a digest with
trypsin, yielding a mixture of peptides. The coupling of mass spectrometry to liquid
chromatography (LC-MS) represents a fast and sensitive method for the identification of the
peptides. Direct LC-MS and gel-based LC-MS technologies are presently used. Peptides are
identified by their characteristic tandem MS spectra

15

, which are interpreted and grouped

back into proteins by database search algorithms and statistical analysis tools

16

. LC-MS also

allows for the characterization of post-translational modifications and can be applied to
quantitatively measure peptide abundances. Thus, together with affinity-purification it is the
perfect tool to identify the connectivity between proteins and explore protein complexes in
order to provide functionally relevant clues about the protein architecture underlying the
regulation of cellular processes.

1.2 Interpreting affinity purification and mass spectrometry data: A
complex task
1.2.1 Authorship

The following part of the introduction is an adapted version of a manuscript for a review
article. It illustrates the challenges and ideas for the interpretation of AP-MS data to obtain
information about protein complexes.

1.2.2 Summary

Proteins associate with each other into macromolecular complexes to perform cellular
functions. Therefore the identification and characterization of protein complexes permits a
closer look into the organization of cellular activity. Affinity purification coupled with mass
spectrometry (AP-MS) is a technique to identify protein interactions and study the
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composition of protein complexes. Various AP-MS workflows have been applied to study the
interaction proteomes of numerous organisms. Nevertheless, the identification of potential
protein complexes is a challenging task. It requires a thorough analysis of AP-MS data,
generally involving filtering for bona fide interactions and protein complex prediction by
clustering algorithms. In this review we summarize the current approaches to infer protein
complexes from AP-MS data. We also acknowledge that in future quantitative interaction
data will be indispensable to study concurrently existing complexes and to allow the
modelling of the dynamic organization of cellular proteomes.

1.2.3 Introduction

Most proteins in the cell assemble into macromolecular complexes that are part of dynamic
protein interaction networks of high complexity. The topology of such networks and the
association and dissociation of protein complexes are critical for the function of cellular
processes such as cell signalling, cell growth, proliferation and apoptosis. An analysis of
protein interactions, interaction networks and ultimately also the different protein assemblies
concurrently existing in cells are of broad biological significance.
A hypothesis of systems biology is that the structures of biological networks determine
certain properties of the cellular processes they represent, like for example adaptability,
robustness or cooperativity

17, 18

. Traditionally interaction networks or interactomes were

obtained by Yeast two-hybrid technology (Y2H) with great success

19, 20

. However, an

interaction network is a rather poor representation of the attribute of proteins to associate
with each other and to group into functional units, the protein complexes. While Y2H provides
binary interaction information and is suitable to detect direct associations between two
proteins, it has clear limitations for the investigation of protein complexes. Affinity purification
and mass spectrometry (AP-MS) on the other hand is conceptually suited to elucidate protein
complex composition, as protein complexes are physically isolated from cell lysates by
affinity purification and subsequently the components of the complexes are identified by
mass spectrometry. It is the only method to study protein complexes in a large-scale fashion.
Furthermore, AP-MS allows for the isolation of protein complexes under near-physiological
conditions and in combination with quantitative mass spectrometry it can be used to probe
dynamic changes in the composition of protein complexes. Most AP-MS studies make use of
affinity-tagged recombinant proteins. These proteins contain an epitope tag, which facilitates
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simple parallel sample preparation by affinity purification without the need to adapt the
purifications conditions for different protein complexes. Purified protein complexes are
subsequently digested into peptides and analysed by liquid chromatography followed by
mass spectromtry (LC-MS). Peptides are identified by their characteristic tandem MS
spectra, which are interpreted and grouped back into proteins by database search algorithms
and statistical analysis tools. This procedure yields a list of proteins that were originally
present in the purified sample but it does unveil neither the composition of individual protein
complexes nor their relative abundance. AP-MS data from a single affinity purification
represents the sum of all proteins from different protein complexes containing the bait. The
challenge for the interpretation of AP-MS results therefore is to infer from the AP-MS data the
distribution of proteins into different complexes and to reconstruct the situation in the affinitypurified sample or in the cell (Figure 1).

Figure 1: Overview of an affinity purification and mass spectrometry experiment.
Purified protein complexes are enzymatically digested and analysed by liquidchromatography followed by mass spectrometry (LC-MS). Database searches and statistical
tools identify and list the proteins present in the affinity purification. However, a single
experiment does not disclose the original assembly of protein-complexes.

Until today, there are around seven medium to large scale AP-MS studies (>20 baits) on
different organisms (S. cerevisiae, E. coli and Human) and two proteome wide studies in S.
cerevisiae (Table I). In addition, there are a larger number of publications dealing with dataanalysis of these works. They propose elaborate statistical, graph theoretical or data
theoretical tools to tickle out new insight from the AP-MS datasets. This review aims to
spotlight, summarize and compare approaches to infer protein complexes from AP-MS data.
Generally, these approaches feature data filtering methods to identify bona fide protein
interactions and clustering methods to deduce possible protein complexes. These tasks will
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Table I
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be conceptually analysed here without the discussion of methodological details. For the
recapitulation of experimental strategies and technical advances in AP-MS, other articles
give a good coverage

11, 21

. The first part of this review intends to differentiate between

protein interactions, protein interaction networks and protein complexes. Later, we revise
current approaches for the identification of protein interactions and potential protein
complexes from AP-MS data. In our concluding remarks, we propose that in future the
partitioning and association of proteins into concurrently existing complexes needs to be
studied by quantitative mass spectrometry to allow the modelling of the dynamic organization
of cellular proteomes.

1.2.4 Protein interactions vs. protein complexes

Even though the definition of a protein protein interaction seems at first glance
straightforward, protein interactions exhibit a multitude of characteristics. Protein interactions
can be stable or weak, transient or constitutive, modulated by posttranslational modifications,
direct or mediated by other proteins or molecules, dependant on the cellular localization or on
the cellular state. Thus, proteins are found to interact in different stoichiometries, reflecting
the dynamic differential association with a number of interaction partners. The medium to
large scale AP-MS studies listed in Table I shed a new light on the organization of
organismal proteomes: In parallel with the propagation of the AP-MS technology, the
conception of protein organization developed from an interaction centred view employing
interaction networks or interactomes
organization of proteomes

22, 23

19, 20

, to a complex centered view introducing modular

(Figure 2). This development was fuelled by the fact that AP-

MS unlike Y2H does not only identify direct interactions but instead all components of the
physically purified complexes containing the bait. Therefore two topological models are
appropriate to describe the interactions in a complex isolated by affinity-purification: The
spoke model assumes that the bait protein interacts directly with each of the proteins in a
complex and the matrix model assumes that any two proteins within a complex have a pair
wise interaction.
Compared to protein interactions, the definition of protein complexes is less coherent
because a protein complex is neither of invariable composition nor are the building blocks
uniquely associated with a single specific complex. This means that a mixture of similar
complexes, consisting of a relatively stable core complex and just varying by one or a few
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proteins, the so called attachments, might exist at any time in the cell. Gavin et al. termed
these similar complexes „complex isoforms“

22

. With this representation, the inevitable

question arises, whether the attachments are actually part of the complex and a distinction
based on stability or frequency of associations might appear quite arbitrary in lots of cases.
The observation that some of the attachment proteins themselves form stable associations
and appear together over and over again with a variety of different cores led to the
conclusion of a modularity of the cellular protein machinery

22

. The idea of cellular modularity

was proposed and promoted already before by several articles 24, 25. They discuss the spatial,
temporal and functional definition criteria, as well as consequences of modularity in respect
to evolution and anatomy of the cell. Based on the idea of modularity the higher-level
organization can be represented as a network between protein complexes

23

. By comparison

of interaction data with phenotype, functional classification and cellular localization, Dezso et
al. concluded that many of the identified complexes in S. cerevisae possess an invariant core
with the same high level function as its components and that the attachments typically do not
share common deletion phenotype, functional classification or cellular localization with the
core subunits

26

interaction data
32

. Studies performing integration of several AP-MS data sets
28-31

27-29

, Y2H binary

or complementation with functional information such as genetic data

, expression data from microarrays

22, 28, 29

, phenotypic profiles

22

or cellular localization

23,

28, 32

attempted a more extensive prediction of protein complexes with varying success, but
established the complex centred view even further. In addition, functional assignments of the

Figure 2: From protein interactions to protein complexes. Definition and terminology of
protein-complex architecture as described by Gavin et al. 2006 22.
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individual components of a complex according to YPD

33

, gene ontology annotation

34

or

other databases as well as by literature mining is widely used to characterize complexes and
was also applied to compare the different high throughput methods for the detection of
protein interactions 10.

1.2.5 Identifying protein interactions

AP-MS workflows have to deal with misidentification of proteins and with identification of
proteins that are purified in a bait independent manner. Misidentification occurs manly by
misinterpretation of the fragment ion spectrum (MS/MS spectrum) via database searching
algorithms. However, thanks to a good selection of available methods and tools (reviewed by
Nesvizhskii et al.

35

), this source of error is nearly negligible. The distinction between bait

dependant interactors (i.e. bona fide or true interactors) and bait independent interactors (i.e.
contaminant or false interactors) is by far the bigger challenge. Especially if protein
interaction data is subsequently used for the deduction of potential protein complexes,
contaminants can complicate the result considerably by suggesting dependence between
factually unrelated proteins and complexes. Thus the first step of any AP-MS data
interpretation involves the distinction between true and false interactors, a so-called
contaminant-filtering step. For this purpose contaminant databases, approaches based on
frequency of observation and quantitative filtering methods are applied, as discussed below.
Generally, the number of contaminants varies considerably with different workflows. Single
step purification protocols for example render cruder isolates and tend to yield higher
numbers of interactors than double step purification protocols. Some of the surplus
interactions in single step purifications can be certified by the superior workflow regarding
speed and sensitivity, meaning that they represent real interactors. But most of the additional
interactors are in fact contaminants, which are isolated because the selectivity of a single
step purification workflow is by far inferior to a double step purification workflow. Also
overexpression of an affinity-tagged protein increases the unspecific interaction caused by
misfolding, degradation or cellular-mislocation.
A variety of scorings have been introduced (discussed below) to allow classification of protein
interactions. Most of the scores applied in protein interaction studies are based on one or
several of the traits listed in Table II. However, irrelevant of the type of score a threshold or
cut-off needs to be defined which optimizes the sensitivity and specificity of protein
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Table II
Traits for protein interaction classification:

Examples:

Peptide/Protein identification:
- probabilistic MS database search scores
- number of peptides
- sequence coverage of proteins

36-38
36-38
50, 51

Reproducibility:
- experimental reproducibility

32, 37

Dataset characteristics:
- reciprocal identification
- similarity between purifications
- observation frequency across a dataset
- Socio Affinity Score (SAI) (log-odds two proteins are
found together relative to frequency in the dataset)
- local network topology
Peptide/Protein Quantitation:
- relative abundances of proteins across samples (determined
by label free quantification or SILAC)
- Normalised Spectral Abundance Factors (NSAF)
- Total Spectral Counts (TSC)
- relative stoichiometries from densiometric gel stains
- absolute quantities of proteins

27, 32
39
27, 32
22

30, 40

41, 42

39
32, 38
43, 44
45

interaction data analysis (Figure 3). In smaller or medium sized studies of defined protein
complexes or pathways, previous biological knowledge lure the researcher to define the
threshold in a manner to fit expectations. To determine a threshold for classification using
unbiased statistical approaches, either a reference set of verified protein interactions, as for
example the hand curated protein complexes in the MIPS database 46, is needed or randomly
permutated datasets based on the original data

32

can be applied. It is needless to say that

classification based on reference sets can only be as good as the comprehensiveness and
quality of the references themselves

47

. Furthermore, reference sets are often very small and

potentially biased towards certain types of interactions. On the other hand, randomly
permutated datasets do not suffer from these limitations and can be quite powerful if one
assumes that the appearance of contaminants is a purely random phenomenon without any
preferences and patterns. Further popular and very simple approaches to deal with
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experimental noise are the application of stringent identification and reproducibility criteria.
Proteins detected with a number of peptides below a threshold or proteins detected in a
number of replicates below a threshold are rejected. This sacrifices sensitivity for the gain of
specificity. Often this threshold is chosen empirically and there is the rule of thumb that a
protein identified with one peptide in a single purification needs to be treated with caution.

Figure 3: The power of statistical classification of protein interactions depends on the
scoring scheme and on the choice of the threshold. (a) Statistical Classification. The
interactions obtained from the AP-MS experiment are compared to interactions from a „gold
standard“-dataset, which are accepted to be correct. Precision is calculated as TP/(TP+FP).
Recall is calculated as TP/(TP+FN). The choice of the threshold therefore trades-off precision
against recall. (b) Performance evaluation of the „Socio affinity index“. (c) Performance
evaluation of the „Purification enrichment score“. (b) and (c) apply the respective scoring on
the pull-down data of Gavin et al. 2006 and use the manually annotated MIPS complex
catalogue as a „gold standard“ for the statistical classification. Diamonds and circles
represent precision and recall, respectively. This figure is adapted from Zhang et al. 2008 48.
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1.2.5.1 Contaminant databases
Some contaminant filtering techniques involve subtractive analysis of control samples which
can either be purifications from only tag-expressed samples
samples

49

, or from pathway unrelated proteins

50

30

, from mock transformed

. As an example, both Ho and Gavin 2002

studies used control purifications with mock transformed yeast samples on their respective
affinity-resin. While Gavin et al identified 17 contaminant proteins Ho et al. found more than
100 contaminant proteins, depending on the protocol. Additionally, in both studies frequently
identified proteins are also eliminated and Ho et al. remove all interactions with ribosomal
proteins from the dataset. General exclusion of proteins appearing in control purifications is a
very stringent approach - possibly too stringent, because some stochastically identified
proteins, which are likely to appear in any sample across the whole dataset, could be
removed inappropriately. On the other hand the control purifications do often only resemble
the experimental samples regarding the purification process applied to them but not
regarding the subject (i.e. bait). As an example, a mock transformed sample is unlikely to
bring down interaction partners, which interact unspecifically with the TAP tag. Another
drawback is that the amount of control purifications required to obtain an exhaustive list of
contaminant proteins can be significant and even outnumber the baits in small studies 37.
In summary, filtering approaches using contaminant databases are conceptually simple and
powerful as well as one of the few methods applicable for small and medium scale studies,
but also have critical shortcomings.

1.2.5.2 Filtering based on observation frequency
Observation frequency in the dataset is the prime parameter for filtering in any large-scale
study and therefore incorporated in one way or the other in all scoring functions. Thereby
observations in a dataset are rewarded if they are unique and reciprocal. Based on the spoke
and matrix models, Gavin et al. introduced a score to quantify the propensity of proteins to
form partnerships: the Socio Affinity Index (SAI) considers information from reciprocal
purifications (two spoke terms) and from co-purifiying prey proteins (one matrix term). The
SAI measures the log-ratio of the number of times two proteins are co-purified relative to
what would be expected from their frequency in the dataset and therefore only considers
evidence supporting a potential interaction. Collins et al introduce a modified version of the
SAI based on the probabilistic framework of a naïve Bayes classifier

27

. This so called

purification enrichment (PE) score also considers evidence disaffirming a potential interaction
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(i.e. reciprocally purified but not detected) and therefore is much more suitable for the
application in dataset where not all proteins appear as both baits and preys (i.e.
nonreciprocal or not completely reciprocal datasets) or for the comparison or integration of
different datasets as exemplified by its application on the Krogan 2006 and Gavin 2006 dataset

27

. The underling principle of the use of Bayesian statistics for AP-MS data is that each

relevant observation should provide evidence for or against the validity of an interaction.
In summary filtering based on observation frequency together with the application of a
reasonable threshold is quite powerful for the identification of true interactions especially for
larger AP-MS datasets. Other scores containing an observation frequency term along with
information on the abundance of the interactors are discussed in the next paragraph.

1.2.5.3 Filtering using quantitative data
Recent approaches consider information on the abundance of the interactors within the
purifications. While both isotope-labelling approaches like SILAC (Stable Isotope Labelling by
Amino acids in Cell culture) and label free approaches using peptide intensity profiles
compare directly a positive sample containing the bait protein with a negative control sample
by means of quantitative proteomics, spectral counting approaches are used to give an
abundance measure of the proteins in the affinity purifications which can be easily
incorporated into scores for the classification of protein interactions.
SILAC based approaches for contaminant filtering depend on the comparative analysis of a
sample containing the bait and a control sample which are differentially labelled with stable
isotope containing amino acids in cell culture

51

. While specifically interacting proteins have a

higher abundance in the bait sample than in the control sample, non-specific interactors have
no abundance difference between bait and control sample. Label free approaches using
peptide intensity profiles can be used to relatively quantify the abundances of peptides and
proteins in affinity-purified samples. Rinner et al.

41

perform serial dilutions between bait

samples and control samples to distinguish specific from unspecific interactors according to
the peptide intensity profiles. So far, neither SILAC nor label free quantitative methods using
peptide intensity profiles have been applied for contaminant filtering in medium to large-scale
AP-MS studies.
Spectral counting is based on the notion that in shotgun proteomics using tandem mass
spectrometry the frequency of observation of peptides identifying a protein correlates with the
abundance of the protein

52

. Popular abundance measures based on spectral counting are
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the total spectral count (TSC) and the normalized spectral abundance factor (NSAF) which
normalizes the total number of spectra identified by each protein by the proteins length and
the total number of identified spectra for all proteins in the sample

53

. Even though not

accurate enough to allow the determination of interaction stoichiometries these rough
abundance measures are well suited to indicate the quality of the interactions. While a
protein can be stochastically identified across all purifications or in control purifications with a
few spectral counts, but is co-purified with a single bait (or a group of baits) with significantly
higher counts it is still amenable for consideration as a real interactor. Both Sardiu et al. and
Sowa et al. represent their quantitative data in a matrix with the experiments (or purifications)
as columns and identified proteins (preys) as rows. The values for each cell correspond to
the spectral counts of an identified protein in the respective experiment and are derived from
either NSAF or TSC, respectively. Sardiu et al. write the data from their control purifications
in an additional matrix and use the vector ratio magnitude (alpha) between the protein vector
y from the control purification matrix and its corresponding protein vector x from the
experimental purification matrix to remove contaminant proteins with alpha >1. For the
calculation of the vector magnitude ratio the size of the control purification matrix must be the
same as the experimental purification matrix, which means that there must be as many
control purifications performed as there are experimental purifications. On the other hand,
Sowa et al. consider the abundances of the preys and their frequencies of observation
across the purifications in an adaptation of the Z score and they include an additional term
accounting for reproducibility in their D score. Since they work with a nonreciprocal proteomic
dataset, they do not require control purifications as each experimental purification serves as
a control for every other experimental purification (i.e. is a prey too frequent across the
different baits it obtains low Z and D scores).
In summary, quantitative data offers more elaborate possibilities for contaminant filtering in
addition to observation frequency dependant filtering or contaminant database filtering and
therefore should become even more popular in future. While methods using spectral counting
can be readily applied, the comparative approaches using isotope labelling methods or label
free methods depend on the availability of suitable data.
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1.2.6 Deducing protein complexes

The biggest and probably least solved problem in the interpretation of AP-MS data is to
define the complex membership of the proteins, meaning the inference of the distribution of
proteins into different complexes. The reason for this challenge is manifold. First, definition of
a protein complex depends on the formulation of a working hypothesis about the general
properties of complexes. Second, data density and quality is absolutely crucial to predict
protein complexes. Only a highly reciprocal dataset with high confidence interactions is
amenable for a complex analysis. But even then, the information content of standard
qualitative AP-MS data is only partially sufficient to predict the presence of a set of exactly
defined complexes. AP-MS data containing absolute quantitative information about the baits
and preys on the other hand can be used to determine protein interaction stoichiometries and
to predict the partitioning of proteins into different concurrently existing complexes.
The most popular solution to group proteins into complexes is to apply clustering algorithms
on the interactions. For this purpose, network graphs can be constructed where proteins are
represented as nodes and interactions are represented as edges connecting the nodes. For
the analysis of non-weighted graphs, the supposedly unspecific interactions below a
threshold score are ignored and high confidence interactions above a threshold score are
considered. This binarization procedure simplifies the task to find complexes but also ignores
the valuable information naturally belonging to the interaction scores. Abstracting the network
as a graph, protein complexes are represented as highly connected regions in the networkgraph, corresponding to dense subgraphs or completely connected subgraphs (cliques).
Thus protein complex identification can be treated and solved from a graph theoretical point
of view. The search for sets of proteins with more interactions among themselves as with the
rest of the network is assisted by clique finding algorithms followed by merging and/or
expanding the cliques into single bigger complexes

48, 54, 55

. There is a wide range of

clustering algorithms which have been applied to protein interaction data
2006

23

56-58

. Krogan et al.

use the Markov clustering method (MCL), a method suitable for weighted graph

analysis applied originally in biology to detect protein families by the clustering of sequences
59

. MCL simulates random walks within graphs in cycles of expansion and inflation and

thereby divides the protein interaction network into dense clusters. The weights of the edges
are interpreted as transition probabilities and guide the walk upon expansion. By increasing
the inflation operator the granularity of clusters is increased and thereby the overlap between
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clusters decreased. Accordingly, the expansion and inflation parameters were chosen to
maximize the overlap with the hand curated MIPS complexes. Standard application of MCL
like any graph clustering algorithms often fails to distinguish between smaller complexes that
share components and clusters them into a larger complex instead. To address the problem
Gavin 2006 applied an iterative clustering, yielding complex isoforms. They recognized that
the SAI couldnʼt generate a definitive set of complexes by a single clustering step. Thus, a
repetition of clustering and subtraction of a penalty value from the initial SAI of clustered
protein interactions was executed. With this procedure tight interactions were not drastically
affected and continued to group together, while looser associations could be gradually
replaced by others. The parameters for this procedure were varied to produce different sets
of clusters or protein complexes. From these sets, the best ones regarding coverage and
accuracy to manually curated complexes from a structural study

60

were selected to

constitute a first collection of complexes. Additionally, similar complexes from sets with
slightly poorer coverage and accuracy were included to further increase the population of
complex isoforms. This allowed a better coverage of components of known complexes and
even more importantly a division of proteins into core components or attachments. Complex
cores were defined as those proteins present in two third or more of the isoforms and
modules were defined as a set of two or more proteins with pair wise SAI above a certain
threshold. Although these definitions are to a certain degree arbitrary the heuristic procedure
solves the issue that proteins can belong to various complexes. Both scores in the two whole
proteome studies in yeast are based on frequency of observation of the protein interactions
in the dataset. They reflect probabilities and not quantities of prey proteins. In the two recent
AP-MS studies by Sardiu et al. and Sowa et al., approximate quantities of proteins in MS
samples are estimated by spectral counting as discussed above. While Sowa et al use the Z
and D scores for the identification of high confidence candidate interacting proteins but not
for clustering, Sardiu et al present the only study where abundance values were used to sort
the identified preys into groups with similar abundance profiles across the different
purifications

39

. The underlying idea is that proteins in the same stable (core-)complexes tend

to be co-purified in comparable abundance levels. To be able to cluster the data into
biologically meaningful complexes they applied a principal component analysis for noise
reduction. Hence singular value decomposition based on the normalized spectral abundance
factors (NSAF) allowed the extraction of the proteins enriched in their highly reciprocal
dataset. Subsequently, they implement a hierarchical clustering using Unweighted pair group
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method with arithmetic mean (UPGMA) and Pearson correlation as distance metric on the
normalised spectral abundance factors (NSAF) to group proteins from an expanded human
TIP49a and TIP49b dataset into four different complexes hINO80, URI/Prefoldin, SCRAP and
TRRAP/TIP60 sharing certain proteins.
Modelling of the dynamic organization of cellular proteomes requires absolutely quantitative
data. Mass spectrometry based proteomics already entered the stage where it is possible to
measure the average number of protein copies per cell in a cell population. Studies on
Leptospira interrogans

61

and Saccheromyces cerevisiae

62

show that targeted proteomics

allows the detection and quantification of proteins expressed to a concentration below 50
copies per cell. However, to appropriately describe the situation in a cell, the calculation of
concurrently existing complexes is required. To achieve this, the partitioning of proteins into
different complexes needs to be known (Figure 4). So far no medium to large scale AP-MS
dataset contains the absolute quantitative information, which would be necessary to measure
stoichiometries and to allow such a prediction. Gel based approaches could give at least
approximate stoichiometries between bait and preys but so far this information was only
used, in conjunction with interaction scores, to resolve core complexes and peripheral
components 43, 44. As discussed above, more recent quantitative interaction studies also used
spectral counting as abundance measurements for the affinity-purified proteins

32, 39

.

However, because spectral counting does not allow for the measurement of absolute
quantities of the complex components, interaction stoichiometries cannot be determined.
Absolute abundances of the complex components can be monitored with help of synthetic
tryptic peptides

63, 64

. They can be synthesized with isotope labelled amino acids or labelled

otherwise, for example by reaction with amino reactive reagents

65

. By addition of a defined

amount of the isotope labelled reference peptides to the unlabelled affinity-purified sample,
absolute protein abundances can be determined. This approach was applied to confirm the
1:1 stoichiometry of all ten proteins in the human U1 spliceosomal snRNP

66

. Another

approach combining the use of isotope labelled peptides with label-free quantification was
used to analyse interaction stoichiometries and predict the partitioning of proteins into
concurrently existing complexes in the human protein phosphatase 2A network

45

. First, the

bait protein is absolutely quantified via the use of isotope-labelled peptides corresponding to
a sequence of the affinity tag. Second, prey proteins are absolutely quantified by label-free
quantification using the precursor ion signal intensities of proteotypic peptides generated in
reciprocal purifications. This method allows the determination of protein interaction
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stoichiometries in AP-MS studies without the a priori knowledge and the effort required for
the quantification by the exclusive use of isotope labelled peptides.

Figure 4: Quantitative vs. qualitative interaction networks. (a) Quantitative interaction
networks based on absolute quantification of bait and prey proteins contain interactionstoichiometry information and therefore allow the detection of changes in protein complex
composition. (b) Quantitative interaction networks allow the prediction of the distribution of
the proteins into different complexes and the abundance of these complexes in the cell. In
this example the amount of each protein A, B and C are assumed to be one hundred.

1.2.7 Conclusion

There is no general recipe on how to interpret AP-MS data and infer protein interactions and
protein complexes. It is thus important, that the data processing is tailored to the
characteristics of the AP-MS data set. While medium to large-scale studies require an
elaborate data processing, small-scale studies can successfully predict protein complexes by
reciprocal purifications often selected in a network walking process together with additional
experimental evidence. In such studies statistics for contaminant filtering are more difficult to
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perform because of the small data basis and thus most often the help of control purifications
are necessary, where contaminants are identified und subtracted from the interaction
dataset. Methods for probabilistic complex assembly are not required at the same level of
sophistication as in larger studies, but instead biological knowledge from literature about the
proteins under investigation is absolutely mandatory and is often integrated to deduce protein
complexes from protein interaction data. Small scale studies often lead to the discovery of a
single complex or a group of related complexes which are then further characterized by
biochemical, genetic and/or functional analysis. Examples for this are the studies on RNA
Polymerase II Elongation Factor complexes

67

or on the protein phosphatase 2A family

networks 36, 38.
The identification of protein complexes by AP-MS can be enhanced by combination of APMS with methods for structural analysis. In this respect, crosslinking, electron microscopy
and mass spectrometry with intact mass measurement (of the complex and its constituents)
but also methods for high resolution structural analysis have been used in conjunction or
addition to AP-MS for the elucidation of protein complexes

68

. All these methods provide

detailed insights into the architecture of a single protein complex but are hardly applicable for
large-scale studies. Chemical crosslinking freezes transient or labile protein interactions of
proteins. Therefore some AP-MS studies applied crosslinkers to stabilize the complexes
during affinity purification

69, 70

. Other approaches use crosslinking reagents for structural

studies. By identification of crosslinked peptides by mass spectrometry, structural constraints
can be retrieved, which help to model the three-dimensional structure of proteins and
complexes

71

. Electron microscopy has been used in a study of the nuclear pore complex

together with mass spectrometry and other structural analysis. The combined information
was translated into spatial restraints to model possible conformations of the nuclear pore
complex regarding protein position, protein contacts and configuration

72

. Even mass

spectrometry itself is a method for structural analysis. Native mass spectrometry allows the
measurement of intact protein complexes and their components and is able to define the
stoichiometry, topology and dynamics of protein complexes. Non-covalent interactions
between the molecules in the complex are maintained during their transit from solution to the
gas phase and the mass of the intact complex can be measured. Subsequent dissociation of
non-covalent complexes in the gas phase, via collision induced dissociation and with help of
solution-phase disruption techniques reveals the identity of multiple subcomplexes 73, 74.
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So far most protein interaction studies using AP-MS have produced qualitative interaction
data and have not analysed the stoichiometry of complex components. In future we might
experience new protein interaction data containing the necessary quantitative information to
allow a shift towards a protein complex modelling based on the abundance of the proteins
rather than on their frequency of observation. These models will represent the distributions of
proteins into different concurrently existing complexes observed in a cellular environment and
therefore further enhance our understanding of biological processes.
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2. An integrated workflow for charting the human interaction proteome

2. An integrated

workflow for charting the
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human

interaction proteome – insights into the PP2A system

2.1 Authorship
This chapter is a reformatted version of a research article published in Molecular Systems
Biology in January 2009. It is a collaboration with Timo Glatter and has a shared authorship.
The experiments were performed together with Timo Glatter. While he predominantly did the
establishment of the purification procedure, I focused on the data analysis.

2.2 Summary
Protein complexes represent major functional units for the execution of biological processes.
Systematic affinity purification coupled with mass spectrometry (AP-MS) yielded a wealth of
information on the compendium of protein complexes expressed in S. cerevisiae. However,
global AP-MS analysis of human protein complexes is hampered by the low throughput,
sensitivity and data robustness of existing procedures, which limit its application for systems
biology research. Here we address these limitations by a novel integrated method, which we
applied and benchmarked for the human protein phosphatase 2A (PP2A) system. We
identified a total of 197 protein interactions with high reproducibility, revealing the
coexistence of distinct classes of phosphatase complexes that are linked to proteins
implicated in mitosis, cell signalling, DNA damage control and more. These results
demonstrate that the presented analytical process will substantially advance throughput and
reproducibility in future systematic AP-MS studies on human protein complexes.
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2.3 Introduction
The majority of proteins act in the context of macromolecular assemblies that are part of
dynamic networks of enormous complexity. Cellular processes such as cell signalling,
proliferation, apoptosis and cell growth emerge to a large extent from the properties of such
networks. Hence understanding and modelling of cellular processes in healthy and
pathological conditions depends on comprehensive and robust information on the topology
and the dynamic properties of the engaged protein networks. Initially, large-scale protein
interaction studies were performed with the yeast two hybrid technology which provided
insights into global patterns of binary protein interactions of model organism proteomes

20, 75,

76

. More recently, affinity purification coupled with mass spectrometry (AP-MS) has become

the method of choice for the analysis of protein complexes under near physiological
conditions

11,

21

. Large-scale AP-MS studies performed in yeast provided the first

comprehensive set of high-density interaction data, which became an invaluable source of
information for yeast systems biology

22, 23, 30, 49

. The success in yeast can be mainly

attributed to the high efficiency of homologous recombination, which allowed genome wide
tagging of yeast ORFs as a valuable resource for large-scale AP-MS studies. However, no
such genetic system exists for multicellular eukaryotes.
Given the various cell types and cellular states, each characterized by specific protein-protein
interaction networks, the complexity of the human proteome and the limited genetic methods
available to generate cell lines expressing affinity tagged proteins, global analysis of protein
complexes and protein interaction networks in human cells is a daunting task. Progress
towards this goal will strongly depend on efficient and robust AP-MS workflows for human
cells that provide comprehensive as well as high confidence protein complex information to
populate public databases. The robustness and reproducibility of such methods are key
because it can be anticipated that data from different studies and research groups must be
combined to achieve saturation coverage of the human interaction proteome. However, false
discovery and reproducibility rates are not known for existing methods, which make the
combination of AP-MS data from different studies difficult. In addition, current AP-MS
strategies are limited by the labour intense generation of large collections of human cell lines
for expression of epitope tagged bait proteins, the low yield of protein complex isolation from
such cell lines and the limited sensitivity of MS based protein identification.
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To overcome some of these major limitations we have developed an integrated experimental
workflow. Besides optimizing each experimental step we focused on the compatibility of the
steps with each other to generate a process with improved performance. As a result, the
proposed procedure significantly enhanced the throughput of generating bait expressing cell
lines, increased the protein complex purification yields by a novel double affinity strategy and
allowed analysis of protein complexes and interaction networks with high sensitivity and
reproducibility. We applied this procedure to study a network of human PP2A complexes.
PP2A is a heterotrimeric, evolutionary conserved serine/threonine phosphatase with
regulatory roles in a wide range of cellular processes, including transcription, apoptosis, cell
growth and cellular transformation

77, 78

. The human genome encodes two catalytic subunits

(PPP2CA, PPP2CB), two scaffolding subunits (PPP2R1A, PPP2R1B) and at least 15 known
regulatory B subunits which, by combinatorial assembly, can potentially form a multitude of
different trimeric PP2A complexes

78, 79

. It is believed that the versatile nature of this

combinatorial subunit arrangement provides substrate specificity as well as temporal and
spatial control of phosphatase activity. However, no systematic study has yet been
performed to address the question, which PP2A complex forms indeed coexist in human
cells and how these complexes are connected to specific cellular processes via proteinprotein interactions. Using the method described in this work we identified 197 specific
protein-protein interactions at a reproducibility rate of at least 85%. The discovered
interactions constitute a network of different classes of concurrently present phosphatase
complexes that in turn are linked to proteins with specific functions in cell signalling, mitosis,
DNA repair and more.
Based on these results, we believe that the proposed analytical procedure will significantly
improve the scope and reproducibility of future AP-MS studies on the human interaction
proteome.
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2.4 Results
2.4.1 An integrated workflow for systematic AP-MS studies on human protein
complexes

AP-MS analysis of protein complexes can be grouped into three sequential steps: production
of cell lines expressing epitope tagged bait proteins, protein complex purification and MS
based analysis of the isolated samples. Each step contributes to the overall performance of
the process. To generate a robust and reproducible workflow for the characterization of
human protein complexes, we have optimized each step and integrated them into an efficient
process. Thereby we paid attention to a good compatibility of the steps between each other.
The system builds on (i) gateway compatible orfeome collections and the Flippase (Flp)
recombination system to rapidly generate large collections of human cell lines by
homologous recombination for isogenic and tetracycline (tet) controlled expression of tagged
bait proteins, (ii) the development of a novel double affinity purification strategy to
significantly

increase

sample

recovery

and

reproducibility,

and

(iii)

direct

liquid

chromatography tandem mass spectrometry (LC-MS/MS) analysis of purified complexes to
improve the sensitivity of protein identification. In the following we describe the individual
steps of the process and document its performance for systematic protein complex analysis
as demonstrated for the human PP2A protein interaction network.

2.4.2 Rapid generation of cell lines for inducible expression of affinity tagged bait
proteins

A major bottleneck in large-scale AP-MS analyses in species other than S. cerevisiae has
been the resource intense generation of cell lines expressing epitope tagged bait proteins,
preferably at controlled levels, required for protein complex purification. Here we combined
recombinational cloning of expression constructs from human orfeome libraries with
homologous recombination using Flp recombinase in human cells to significantly increase
the production rate for such human cell lines (Figure 5a). We used a gateway compatible
orfeome collection containing 12,212 ORFs, representing 10,214 non redundant protein
coding genes

80

as a resource to generate expression constructs by LR recombination with a

destination vector suitable for tetracycline controlled expression of affinity tagged bait
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proteins. The presence of a Flp recombination target site (FRT) in the resulting expression
constructs supported the rapid generation of bait expressing cell lines by Flp mediated
recombination with a single FRT site present in the HEK293 host cell line HEK293-Flp-In
The system was evaluated with respect to the following properties:

81

.

(i) efficiency and

reliability. We routinely obtained isogenic human HEK293 cell pools within two weeks after
transfection with a success rate of about 85 % (n>200 transfected orf clones, data not
shown) without further need for subcloning. (ii) Uniformity. The FRT recombination system
ensures uniform expression of the transgene in the respective cell populations as
demonstrated by indirect immunofluorescence microscopy of HEK293 cell lines expressing
different epitope tagged proteins from the human PP2A system (Figure 5b). (iii) Inducible bait
expression. The ability to control bait protein expression levels is crucial in cases in which
growth inhibitory or pro apoptotic bait proteins are expressed. Expression levels of bait
proteins could be induced and adjusted by tetracycline (Figure 5c) and were comparable to
corresponding endogenous protein levels (Figure 5d). In conclusion, orfeome based
generation of human cell lines using the FRT system is an efficient and reliable method for
the generation of large collections of isogenic cell pools for tetracycline controlled expression
of affinity tagged bait proteins at close to physiological levels.

2.4.3 Increased yields in protein complex preparations by SH-double affinity
purification

So far, tandem affinity purification (TAP) has been the most widely used procedure in
systematic protein complex purification

12, 22, 36, 50

. However, these studies required large

amounts of cellular starting material due to the low purification yields obtained by the TAP
procedure

82, 83

. This imposes significant economical and logistic challenges, especially for

large-scale studies. To improve the yield we integrated a novel double affinity purification
protocol into our analytical workflow. Protein complexes are isolated via a small double
affinity tag (SH-tag) consisting of a streptavidin binding peptide and a hemagglutine (HA)
epitope tag. In addition we optimized the purification protocols for efficient double affinity
purification from low amounts of starting material. Following induction of isogenic bait
expression using tetracycline, SH-tagged and associated proteins are first bound to an
affinity column containing a modified version of streptavidin

84

and specifically eluted with

biotin onto an anti-HA antibody column. The protein complexes are eluted from this column
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Figure 5: Rapid generation of cell line collections for isogenic and inducible bait
expression using Flp-recombinase mediated recombination. (a) Schematic overview on
the generation of cell line collections. Starting from human Gateway orfeome collections,
cDNAs of interest are recombined into an expression construct for tetracycline (tet) inducible
expression of strep-hemagglutinine double tagged (SH) bait proteins. Isogenic cell lines are
generated using Flp-recombinase mediated recombination through single FRT sites present
in the expression construct and the genome of Flp-In HEK293 cells stably expressing the tet
repressor. After transfection cell lines are selected on hygromycin for two weeks, tested for
tetracycline inducible expression and used for subsequent affinity purification. (b) Isogenic
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bait protein expression in HEK293 Flp-In cells. The expression of the indicated recombinant
proteins in the absence or presence of 1 µg/ml tetracycline for 24 hours was visualized by
indirect fluorescence microscopy with an anti-HA antibody. Nuclei were stained with DAPI.
(c) Tet inducible bait expression. Increasing amounts of tetracycline were added to HEK293
cells expressing SH-eGFP for 24 h. Bait expression was monitored by immunoblotting using
anti-HA antibodies. (d) Comparison of protein expression levels of SH-tagged bait proteins
with endogenous protein levels. HEK293 cell lines expressing SH-tagged bait proteins were
analysed by immunoblotting using the indicated antibodies following induction with
tetracycline (1 µg/ml) for 24 h. HEK293 cells that do not express the corresponding bait
proteins were used as controls. Note that anti-PPP2C and anti-PPP2R1 antibodies do not
distiguish between the highly related endogenous proteins PPP2CA and PPP2CB or
PPP2R1A and PPP2R1B, respectively.

at low pH (Figure 6a). Western blotting showed that SH-PPP2R2B from HEK293 cell extracts
could be bound near quantitatively to the streptavidin column (Figure 6b, SNS). Elution from
the streptavidin column with biotin was highly efficient with almost no detectable bait protein
left on the streptavidin beads following elution with SDS Laemmli buffer (not shown). Overall,
the first purification step recovered more than 90% of bait protein (Figure 6b, ES). From the
Western Blot signal intensity of the final eluate (Figure 6b, EH) we estimate the overall yield
of the double purification at about 30-40% of bait protein present in the cell lysate, which is
among the highest reported for double affinity purification protocols. Importantly, the high
yields were achieved independent of the bait protein, as SH-purifications of eleven different
bait proteins showed comparable yields (Figure 6c).

2.4.4 Monitoring specificity and sensitivity of the SH-purification

Protein complex

preparations

typically contain significant

amounts of co-purifying

contaminant proteins that increase sample complexity, reduce the sensitivity of detection of
true interactors and complicate the interpretation of the results. We first monitored the
sample complexity during the SH-purification step of our workflow by silver staining after
biotin (ES) and final elution (EH) using the PP2A regulatory B subunit PPP2R2B as a bait
(Figure 7a). Biotin eluates contained high molecular weight contaminants, which may
interfere with the identification of low abundant interaction partners by direct LC-MS/MS.
These contaminants were efficiently removed by applying the second purification step as
shown by silver staining and direct LC-MS/MS (Figure 7a, Supplementary Table I).
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Figure 6: Monitoring SH-double affinity purification efficiency. (a) Schematic overview
of the purification procedure. HEK293 cells expressing SH-tagged proteins are lysed and first
purified from total protein extracts using streptavidin sepharose (Strep-Tactin beads). After
several wash steps purified proteins are released in the presence of 2 mM biotin for
subsequent immunoaffinity purification using anti-HA agarose. Finally, protein complexes are
eluted with 0.2 M glycine, pH 2.5 and processed for mass spectrometric analysis. (b)
Western blot analysis of SH-purification yields. SH-PPP2R2B expressing HEK293 cell line
was generated as described in Figure 1 and the purification was performed on 3·107 cells.
The purification procedure was monitored by immunoblotting using anti-HA antibodies. L:
Lysate; SNS: Supernatant after streptavidin purification; ES: Elution from the streptavidin
sepharose; SNH: Supernatant after anti-HA purification; EH: Elution from the anti-HA
agarose (final eluate). Information on the percentage of input is given to compare the relative
amount of sample loaded on each gel lane. (c) Reproducibility of SH-purification yields. 11
cell lines inducibly expressing SH-tagged bait proteins related to the PP2A phosphatase
system were generated as described. Lysate (L) and final eluate (EH) from all 11 bait specific
SH-purifications were immunoblotted and percentage of loaded sample amount is indicated.
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In addition we used the recently developed MasterMap concept to illustrate the specificity
increase achieved by the second purification step by monitoring the relative abundance
profiles of co-purifying proteins.

41

. This approach allows label free protein quantification from

aligned MS1 spectra obtained on a high mass accuracy instrument. MS1 quantification of the
proteins identified with at least five fully tryptic unmodified peptides revealed three major
groups of co-purifying proteins. (i) One set of proteins (Figure 7b, red lines) was efficiently
removed by the second purification. These proteins were also identified in SH-eGFP control
samples (Supplementary Table II) and include a group of abundant carboxylases (e.g.
MCCC1, PCCA, ACACA) that are known to be biotinylated in vivo

85

and hence likely interact

with the streptavidin column independent of the bait protein. (ii) A group of proteins including
HSP70 chaperones (HSPA5, HSPA6 and HSPA8) that remained in the sample even after the
second purification step (Figure 7b, orange lines). These proteins are likely to represent
unspecific interactors that bind independently of the bait protein, as they were also identified
in eGFP control experiments (Supplementary Table II). (iii) Finally the group of specific
interactors that followed the profile of the bait protein but were absent in SH-eGFP control
purifications. This group contained well-established interactors of the bait protein PPP2R2B
including PPP2R1A and PPP2R1B (Figure 7b, yellow lines).
Previous systematic studies were hampered by the large amount of cellular starting material
required for AP-MS analysis. We performed SH-purifications from as low as 4·106 HEK293
cells. Direct LC-MS/MS analysis of 25% of the tryptic digest was still sufficient to identify
PPP2R2B interacting proteins PPP2CA, PPP2R1A and most of the associated subunits of
the CCT complex (Supplementary Table III). Since PP2A is regarded as an abundant
phosphatase we however recommend to use 3·107 cells for standard SH-purification of
protein complexes.
Conclusively, the SH-double affinity purification step is a central part of our workflow and
results in protein complex preparations of high purity, and when combined with direct LCMS/MS, significantly reduces the amounts of cellular starting material required for large-scale
analysis.

2.4.5 Direct LC-MS/MS analysis

After cell line generation and affinity purification, the final MS analysis step represents
another experimental bottleneck in large-scale studies on protein complexes. Previous AP-
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22, 86

. This however

multiplies the workload and time required for MS analysis, as each band has to be analysed
by an individual MS run. Direct LC-MS/MS has poorly exploited in previous HTP AP/MS
studies but can significantly enhance sensitivity and reduce instrument time of an AP/MS
workflow as the entire affinity-purified sample can be analysed by a reversed phase liquid
chromatography unit coupled to a mass spectrometer in one single step. For successful
direct LC-MS/MS analysis samples have to be of moderate complexity meaning that the

Figure 7: Analysis of SH-double affinity purification specificity. (a) Silver stain
monitoring of sample complexity. SH-double affinity purification was performed from 3·107
HEK293 expressing SH-PPP2R2B and aliquots of the first (ES) and second (EH) purification
step were separated by SDS-PAGE. (b) Quantitative MS analysis of the specificity increase
by the second purification step. HEK293 SH-PPP2R2B lysates were split in half. Single and
double affinity purifications were performed as described before. Peptides derived from
single (ES) and double affinity purification (EH) were mixed in a three-step dilution. Following
MS analysis, MS spectra were aligned and MS1 signal intensities were used for relative
quantification to generate protein abundance profiles across the three samples. All presented
protein profiles were generated from aligned MS1 features that correspond to at least five
unmodified, fully tryptic peptides. Note that not all observed protein profiles were included
here since they did not pass the indicated filtering criteria (e.g. PPP2CA). Protein abundance
profiles were normalized to the bait profile. Yellow lines correspond to specific binding
partners that match the bait profile. Orange lines refer to unspecifically co-purifying proteins
also identified in SH-eGFP control samples. Profiles in red represent proteins unspecifically
co-purified with the streptavidin sepharose beads that are successfully removed after the
second purification step. Error bars indicate SEM of MS1 feature ratios of the indicated
proteins.
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affinity-purified protein complexes should contain a minimum of contaminating proteins. This
is necessary because direct LC-MS/MS is prone to an under-sampling of MS1 features for
fragmentation, an effect which is more pronounced in complex samples

52

. Another

prerequisite is the chemical compatibility of the sample with the subsequent LC-MS/MS step.
We adapted the purification strategy specifically to address these two points. As described
already above SH-double affinity purification results in pure samples preparations with very
little contaminant protein present. In addition the second purification step efficiently removes
detergent, protease inhibitors and eluting reagents (e.g. biotin) present in the sample, which
would interfere with subsequent LC/MS/MS. Following tryptic digest, the samples are
desalted by a reversed phase chromatography step and directly loaded on a reversed-phase
HPLC column attached to a MS instrument for peptide separation and MS analysis. The
entire LC/MS analysis is completed within 90 minutes and thus significantly increases
sample throughput.

2.4.6 Reproducibility of AP-MS data sets

Reproducibility of the data obtained by AP-MS is key to assess the quality of protein
interaction data sets but is poorly addressed for existing AP-MS workflows performed in
human cells. We studied the overall reproducibility of protein interaction data obtained by the
method described here at the network level. For this we selected eleven ORF clones
encoding proteins previously linked to the PP2A system and generated isogenic HEK293 cell
lines for their expression as SH-tagged bait proteins (Figure 8a, upper panel). From each of
these cell lines we performed two biological replicate SH-purification experiments and
analysed each sample once by LC-MS/MS. We identified a total of 185 proteins with at least
one unique peptide and a ProteinProphet probability > 0.9 (Supplementary Table IV)

87

,

which could be mapped to 165 unique human entrez gene IDʼs. To eliminate co-purifying
contaminant proteins we generated a database of proteins identified from eight independent
SH-eGFP control purifications analysed by 16 LC-MS/MS experiments, which yielded an
exhaustive list of 109 contaminant proteins (Figure 8b, Supplementary Table II). Proteins
identified in bait specific experiments that were also present in the contaminant database
were considered as unspecific binders and removed from the data set (Supplementary Table
V). As ribosomal proteins represent a major group within the contaminant database we also
eliminated all ribosomal proteins as well as keratins introduced during the procedure (for
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details see Supplementary Table V). This resulted in a final list of 108 proteins specifically
associated with the selected group of bait proteins and resulted in 242 and 218 bait-prey
interactions identified in replicate experiment A and B, respectively (Figure

8a,

Supplementary Table VI). We found 197 overlapping interactions in the two experiments,
which corresponds to an overall reproducibility rate of 85%. This is among the highest rates
reported so far for systematic AP-MS/MS workflows 22.
Applying more stringent filtering criteria by increasing the numbers of unique peptides
required for protein identification from one to four only marginally increased the overlap from

Figure 8: Data processing and reproducibility of the overall workflow for a human
PP2A protein interaction network. (a) HEK293 cell lines expressing eleven different bait
proteins previously linked to the human PP2A network were generated as described in
Figure 1. Inducible expression was tested by Western blotting (upper panel). Eleven cell lines
were used for two independent SH-double affinity purification experiments directly followed
by LC-MS/MS (SH-LC-MS/MS). Obtained mass spectra were analysed with XTandem
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followed by statistical validation of the search results using PeptideProphet and
ProteinProphet. Only proteins with minimum ProteinProphet probabilities of 0.9 were
considered. Primary interaction data were filtered against a contaminant database (Figure
4B) resulting in a final list of 242 (replicate A) and 218 (replicate B) bait-prey interactions with
an overlap of 85%. (b) Generation of a database containing co-purifying contaminant proteins
used for data filtering. Eight independent control purifications were performed using SHtagged eGFP as a bait protein. Tryptic peptides were analysed twice by LC-MS/MS and
identified proteins from all 16 measurements were consecutively added to a contaminant
database. 109 proteins were identified and used to subtract unspecific protein contaminants.
(c) Robustness of protein interaction data obtained by the integrated workflow. The number
of protein interactions (black line) and the percent overlap (red line) across the two replicate
datasets shown as a function of increased filtering stringency (number of unique peptides
required for protein identification).

85% to 92%, but at the same time resulted in a significant decrease (33%) of identified
interactions (Figure 8c). To increase the robustness of the final PP2A protein network model
we considered only protein-protein interactions observed in both biological replicate
experiments. The high quality of the final network allowed us to identify small but significant
differences in the connectivity of closely related proteins. This is illustrated by the data
obtained from the two highly connected catalytic subunits PPP2CA and PPP2CB, which
share 97% amino acid sequence identity. All the 28 interacting proteins that we identified in
PPP2CA purifications were also found in the group of 32 PPP2CB associated proteins. The
additional four PPP2CB interacting proteins comprise members of the human prefoldin
family, indicating that PPP2CB may be linked to the prefoldin complex.
It has been proposed that interactions between two proteins are of higher confidence if the
interactions also occur between the corresponding paralogous proteins

88

. Within the 197

interactions identified here we found 150 interactions for which at least one paralogous
interaction was found in our dataset (Supplementary Table VII), which serves as an indicator
of the achieved data quality and hints at a high degree of combinatorial complex formation by
paralogous interactions within the identified phosphatase network. To further validate the
data quality we also compared the interaction data from this study with the existing
information from the literature and published databases. Sixty-nine of the 197 interactions
identified here have been reported previously. Among the remaining 128 interactions we
found 30 paralogous and 32 orthologous interactions previously described in human or yeast,
respectively (Figure 9, Supplementary Table VIII). Collectively these results showed that the
method described here provides specific and highly reproducible interaction data sets suited
for the generation of robust models of human protein interaction networks.
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Figure 9: Summary of the identified protein
interaction dataset. 197 protein protein
interactions identified in this study have been
grouped according to available literature
information into known interactions, homologous
interactions identified in either human or yeast or
unknown protein interactions.

2.4.7 A network of human PP2A complexes

The obtained 197 protein interactions are derived from the purification of coexisting
phosphatase protein complexes. When the data is assembled into a protein interaction
network model it is however difficult to reconstruct the composition of the underlying protein
complexes solely from the topology of the resulting network model, unless interaction
proteomes have been mapped close to saturation as it has been shown for the yeast
proteome

22

. In the case of the human PP2A phosphatase however, significant amount of

information on the biochemistry and structure of PP2A core complexes have been reported
over the past two decades. This information can be used to map the obtained protein
interaction data to the corresponding paralogous interactions of known PP2A complexes.
This allowed us to assign the protein interactions to groups of related complexes (referred to
as modules) and determine which types of the PP2A complexes coexist and can be
observed in human embryonic kidney cells by our approach. We found at least five modules
of related phosphatase complexes within the obtained network (Figure 10):

2.4.7.1 PP2A core module
First we noted a highly connected triangular subnetwork formed between catalytic C,
scaffolding A and regulatory B subunits of PP2A. All of the regulatory B subunits were found
in association with both the catalytic as well as the scaffolding A subunits of PP2A. No
interactions were found between the different catalytic subunits or among the various
scaffolding A or the regulatory B subunits. The observed topology is in agreement with
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literature information and the previously established X-ray structural model on the trimeric
PP2A complex

89-91

. These data therefore suggests the coexistence of a large number of

heterotrimeric PP2A core complexes, each consisting of a catalytic, a scaffolding A and a
regulatory B subunit (Figure 10, PP2A core module), which represent the majority of
complexes found in the studied network. These core complexes appear to be connected
primarily via the regulatory B subunits to a variety of cellular proteins with roles in cell cycle
control, mitosis, transcription and more (see also discussion).

2.4.7.2 PP4 module
Interestingly we found regulatory PP2A subunits (PPP2R2D, PPP2R1A and PPP2R5D) also
in complexes with PPP4C, the catalytic subunit of the serine/threonine protein phosphatase 4
(PP4). This suggests a certain degree of interchangeable subunit assembly between these
two phosphatase systems. When we subsequently used PPP4C as a bait we also identified
proteins exclusively associated with PPP4C representing the second group of phosphatase
complexes found in this study (Figure 10, PP4 complexes). These complexes contain the
PP4 regulatory proteins PPP4R1 and PPP4R2 as well as proteins linked to DNA damage
control such as SMEK1, SMEK2 and CCD6

36, 92

that were absent in the other PP2A

complexes analysed. Furthermore, we identified a novel PPP4C associated protein,
KIAA1622 that is characterized by the presence of HEAT and armadillo like domains. As the
same domains are also present in the known phosphatase scaffolding subunits of PP4 and
PP2A, KIAA1622 may represent a novel scaffolding subunit of PP4 complexes.

2.4.7.3 Striatin module
We were able to identify a highly connected PP2A subnetwork when using PPP2CA,
PPP2CB, PPPR1A and PREI3 (human homologue of yeast Mob1) as bait proteins. This
subnetwork contains besides a specific class of regulatory B subunits referred to as the
striatins (Strn, Strn3, Strn4), the serine/threonine protein kinase MST4, the protein SLMAP as
well as specific groups of structurally related proteins (FAM40A, FAM40B; CTTNBP2,
CTTNBP2NL; SIKE, FGFR1OP2). The remarkable connectivity among members of this
subnetwork provides evidence for a group of higher order PP2A complexes (Figure 10,
striatin module), which has not yet been reported.
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Figure 10: Protein-protein interactions and different classes of protein complexes
within the human PP2A interaction network. Protein-protein interaction data identified in
two out of two replicate experiments were vizualized using Cytoscape v. 2.5.1. Bait proteins
are represented as triangles, prey proteins as rounded squares. Nodes were classified
according to the legend. Edge color indicates known interactions (orange) or newly identified
interactions (blue). Thickness of the edges reflects the number of identified unique peptides.
Five classes of PP2A protein complexes could be distinguished based on network topology
and literature information and are displayed by dotted lines and colour shading (see legend).
For detailed information see text.

2.4.7.4 IGBP1/alpha4 module
We identified the protein IGBP1 (also referred to as alpha4), the human homolog of yeast
TAP42, exclusively in PPP2CA, PPP2CB and PPP4C purifications (Figure 10, IGBP1/alpha4
module). This is in agreement with the current model that IGBP1/alpha4 forms complexes
with catalytic subunits in the absence of scaffolding A or regulatory B subunits

93

.

IGBP1/alpha4 was shown to be required for such diverse processes as maintenance of cell
survival 94 as well as learning and memory 95.
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2.4.7.5 PPME module
This module is characterized by the presence of the protein phosphatase methylesterase 1
(PPME1), which we have found specifically associated with the catalytic as well as
scaffolding subunits of PP2A. PPME1 is crucial for the demethylation of the C-terminal L309
of the PP2A catalytic subunit, which is part of a complex mechanism for the control of PP2A
activity 96, 97.

When we mapped our interaction data to the available orthologous interaction data in yeast
we noticed that the interactions within these five modules are highly conserved during
evolution. From this comparison it became apparent that the number of PP2A regulatory
subunits and their interaction with PP2A has expanded in the human system whereas the
number of PP2A catalytic subunits remained constant in human and yeast cells (Figure 11).
In conclusion, the proposed integrated workflow allowed us to assemble the most
comprehensive protein network model for human PP2A known to date. The results confirm
and significantly extend our knowledge on a remarkable molecular principle underlying the
functional diversification of a human phosphatase system by differential protein complex
formation.

2.5 Discussion
Here we present an integrated workflow for the systematic analysis of human protein
complexes. This workflow, when compared to prior methods, has the following favorable
properties: (i) it significantly saves resources, labor and time for the systematic generation of
cell lines for inducible expression of affinity tagged bait proteins; (ii) it has improved
sensitivity and thus minimizes the sample amounts required for the successful isolation and
analysis of protein complexes; and (iii) it generates protein interaction data of unprecedented
reproducibility in human cells suited for data integration in systems biology.

2.5.1 Rapid and reliable production of human cell lines for systematic AP-MS

In contrast to studies in yeast where site specific recombination has facilitated the generation
of strains expressing specific affinity tagged proteins at high throughput, the production of the
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Figure 11: Evolutionary conservation of protein interactions within PP2A network.
Interaction data from this study for which the corresponding ortholous protein interactions
could be found in yeast are displayed as a network graph and compared to the yeast PP2A
network. Human gene symbols and yeast gene names have been used as node identifiers.
Dotted red lines indicate the orthology relationships between the shown network
components. Note the expansion of orthologous interactions involving regulatory subunits
(dark blue nodes) in the human PP2A system.

corresponding human cell lines has been a critical bottleneck for systematic AP-MS studies.
Generation of cell lines in previous studies involved many steps (e.g. PCR cloning,
sequencing, selection and testing of cell clones, etc.) and consumed significant amounts of
resources and time. In addition, the level of bait expression could not be adjusted, which may
result in massive protein over expression of the bait protein.
In the presented method we used Flp mediated recombination of specific cDNAs from an
orfeome resource for rapid generation of large collections of cell lines. This takes advantage
of the rapidly expanding collections of human cDNAs and thus obviates the need for PCR
cloning and sequencing. Many of the steps for gateway recombination can be carried out by
liquid handling robots and require only a minimum amount of work compared to classical

2. An integrated workflow for charting the human interaction proteome

41

cloning. Starting from an orfeome entry clone isogenic cell pools for inducible bait expression
are reliably obtained within two-three weeks, which is significantly less than the time needed
with previous methods. In contrast to previous studies, which almost exclusively were
performed by industrial labs or large academic consortia

50, 86

, our procedure will enable also

academic labs with limited personnel resources to conduct high quality AP-MS studies on a
larger scale. Inducible expression as applied in our method significantly expands the range of
bait proteins that can be analysed in large-scale AP-MS studies, as cell lines expressing
growth inhibitory and pro-apoptotic bait proteins can now be generated. Importantly, tunable
expression of bait proteins from a defined genomic locus as presented here allows equal bait
expression at physiological levels throughout the cell population. This reduces the rate of
false positive interactions caused by massive over expression of bait proteins typically
observed in stably or transiently transfected cell lines using constitutive promoters.
Collectively, these advances will significantly improve data quality and expand the scope of
future large-scale AP-MS studies in human cells.

2.5.2 Increased sensitivity

Another bottleneck in previous large-scale protein complex analysis is linked to the limited
overall sensitivities of previous workflows, which requires massive amounts of cellular
starting material in the range of 1·108-1·109 cells

82, 83

. This in turn imposes significant

problems for high throughput AP-MS studies with respect to available resources and
experimental logistics. Overall sensitivity in AP-MS workflows is determined by both the
protein complex purification procedure and the MS analysis step. We introduce a strategy
using a streptavidin binding peptide combined with the hemagglutine epitope (SH) for the
complex purification step in our integrated workflow. The SH-tag consists of 48 amino acids
which is significantly smaller than the 21 kDa TAP tag and allows efficient double affinity
purification with high specificity. Using various bait proteins we typically obtained overall
purification yields between 30% and 40%. These yields are considerably higher than the
ones obtained with the classical or the recently improved version of the TAP tag procedure
98

. The significant improvements in purification yield can be attributed to both the efficient

binding as well as efficient elution from the two different affinity reagents. The elimination of
the TEV cleavage step applied in the classical and modified TAP procedures also accounts
for the enhanced yields and overall purification speed (2-3 hours). SH-purification yielded
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complex preparations of high purity suitable for direct LC-MS/MS analysis. This obviates the
multiple experimental steps associated with gel based MS procedures to enable
comprehensive protein identification at high throughput from reduced sample amounts. As a
result, the combined SH-LC-MS/MS approach allows the identification of specific complex
partners from minimal analyte amounts that correspond to 1·106 cells. Obviously, more
starting material increases the chance to identify also complex components of low
abundance. We recommend using around 3·107 cells for the proposed procedure, which
yields enough material for multiple LC-MS/MS experiments and identification of even
substoichiometric components. This amount is about ten times lower than the amounts used
by other workflows 82, 83, 98.

2.5.3 Reproducibility and data robustness

Clearly reliable models on human protein interaction networks at a global scale can only be
accomplished as a collective effort by the research community, given the enormous
resources involved in this task. This in turn will depend on analytical procedures, which
minimize the problem of false positive identification and provide a high level of data
robustness.
Co-purifying contaminant proteins are a major source for false positive interactions, however
as we demonstrate the SH-purification step in our pipeline allows efficient removal of many of
these contaminants. Contaminants that still remained after double affinity purification were
efficiently removed from the interaction data sets using a contaminant database obtained
from multiple SH-eGFP control purifications as a filter.
Data quality in large-scale AP-MS studies largely depends on the reproducibility of the
applied experimental strategy. However, very little is known on the overall reproducibility
rates of AP-MS workflows currently used for systematic protein complex analysis. To our
knowledge the only reliable source of information was given in a report on the gel based
TAP-MS approach used to study the compendium of yeast complexes, which refers to an
overall reproducibility of 69%

22

. To address this point we used the presented workflow to

analyse a network of human phosphatase complexes in duplicates and found that at least
85% of the identified interaction data overlap between two replicate experiments, which
represents a significant advance for future AP-MS studies.
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2.5.4 Modularity of a human phosphatase network

Over the past two decades a considerable amount of biochemical and structural data have
been reported on PP2A complexes from different species. These data serve as a valuable
resource to determine whether the new high throughput method can generate validated new
biological information.

The SH-LC-MS/MS analysis revealed the most comprehensive

phosphatase protein-protein interaction network model known to date. It consists of 69
protein-protein interactions that were already reported in the published literature and 128
novel interactions, 62 of which were related to previously known interactions (Supplementary
Table VII). The significant overlap with published information again highlights the reliability of
the presented analytical AP-MS approach and illustrates its potential to retrieve new
biological information. In the case of the studied phosphatase network this approach
revealed important insights into the overall modular organization of a human phosphatase
system and provided promising clues about the molecular functions of the studied
phosphatase complexes.
The network topology obtained by the presented method combined with available literature
information revealed all major types of PP2A complexes including the previously described
non

canonical

PP2A

complexes

containing

alpha4

or

the

protein

phosphatase

methylesterase as well as the canonical heterotrimeric PP2A core complexes which account
for the majority of PP2A assemblies we have identified. It is thought that the majority of these
canonical PP2A complexes function as heterotrimeric assemblies. Using our analytical
method we could uncover that also higher order complexes can be formed around these core
complexes in human cells. The presented work revealed a highly connected PP2A
subnetwork which indicates a novel type of higher order PP2A complexes in human cells
(Figure 10). These complexes are formed by a characteristic set of cellular proteins around a
canonical heterotrimeric PP2A core complex which contains besides catalytic and scaffolding
subunit a specific group of regulatory B subunits referred to as striatins.
For some of the phosphatase subunits the nature of associated proteins identified in this
study, provide important hints about their potential molecular and cellular roles as
demonstrated for the following three examples: (i) PREI3, a central component of novel
striatin complex described above for example associates with the serine/threonine kinase
MST4, a Ste20 related kinase that mediates cell growth control via the ERK pathway

99

. In

this context a recent large-scale AP-MS study has identified the related kinase MST3
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associated with proteins of the striatin complex (PREI3, STRN, STRN3), which may point at
a novel functional link between PP2A and a subset of Ste20 related kinases

86

. (ii) In protein

phosphatase 4 complexes we identified SMEK1 and SMEK2 (also referred to as PP4R3a
and PP4R3b), two proteins with roles in DNA damage control that have been previously
linked to PP4

36

. In this study we in addition found CCDC6 as a component of PP4

complexes. CCDC6 has been recently linked to the ATM dependent DNA damage response
pathway

92

, which together with the previous results indicates a more general role for PP4 in

human DNA damage control. (iii) A subset of PP2A associated proteins may link PP2A to the
control of kinetochore function during mitosis. Among them are SKA1 and SKA2 two novel
PP2A associated proteins that we have identified in complexes with the PP2A regulatory B
subunit PPP2R2B. SKA1 and SKA2 are known to bind each other, localize to the
kinetochores and have a suggested role in spindle check point silencing

100

. Similarly, the

known PP2A associated protein shugoshin, which we also identified in PP2A complexes, is
also localized at kinetochores and plays an important role in the control of sister chromatin
segregation

101, 102

. These few examples, which highlight just a subset of the molecular

linkages presented in this study, illustrate how the data obtained by the proposed procedure
can be used to develop new hypotheses. When compared to the available yeast interaction
data we noted a high degree of overlap between the interactions that constitute the five
modules that we found in our network, indicating that these phosphatase modules have
evolved relatively early during eukaryotic evolution. Interestingly it appears that expansion in
particular of the regulatory B subunits and their specific interaction with other cellular proteins
represents a major step to increase the regulatory opportunities by the PP2A network in
multicellular eukaryotes as the number of PP2A catalytic subunits appear to be the same in
human and yeast.
Systems oriented concepts on the regulation of biological processes in health and disease
are amongst the major goals in postgenomic biomedical research. Large-scale AP-MS
studies will play a central part in this effort, as it is the only method to retrieve global
information on how proteins are organized into systems of functionally interacting complexes.
This knowledge will be essential to understand the dysfunction of cellular systems in
pathological situation and to propose novel routes for interfering with deregulated cellular
processes. We are convinced that the advances in throughput, sensitivity and reproducibility
collectively achieved by the workflow described here mark a significant step forward towards
these goals.
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2.6 Materials and Methods
2.6.1 Generation of expression constructs and tetracycline inducible cell lines

To generate expression vectors for tetracycline controlled expression of N-terminally SHtagged versions of bait proteins, human ORFs provided as pDONR223 vectors were selected
from a Gateway compatible human orfeome library (horfeome v3.1, Open Biosystems) for LR
recombination with the inhouse designed destination vector pcDNA5/FRT/TO/SH/GW, which
we obtained through ligation of the SH-tag coding sequence and the Gateway recombination
cassette into the polylinker of pcDNA5/FTR/TO (Invitrogen). Flp-In HEK293 cells (Invitrogen)
containing a single genomic FRT site and stably expressing the tet repressor were cultured in
DMEM (4.5 g/L glucose, 10% FCS, 2 mM L-glutamin, 50 μg/ml penicillin, 50 μg/ml
streptomycin) containing 100 μg/ml zeocin and 15 μg/ml blasticidin. The medium was
exchanged with DMEM medium containing 15 µg/ml blasticidin prior to transfection. For cell
line generation Flp-In HEK293 cells were co-transfected with the corresponding expression
plasmids and the pOG44 vector (Invitrogen) for coexpression of the Flp-recombinase using
the Fugene transfection reagent (Roche). Two days after transfection cells were selected in
hygromycin containing medium (100 μg/ml) for 2-3 weeks and inducible bait expression was
tested by immunoblotting using anti-HA antibodies (Covance). Antibodies for detection of
endogenous PPP2R1, PPP2C, STK3, AMPKα1 were obtained from Cell Signaling
Technologies. Tubulin antibodies were obtained from Sigma and TIP49 antibodies described
previously 103.

2.6.2 Indirect immunofluorescence microscopy

HEK293 cells inducibly expressing SH-tagged bait proteins were seeded on human
fibronectin coated glass coverslips (Becton Dickinson) and grown in DMEM containing 10%
FCS.

Cells

were

washed

once

in

PBS

before

fixation

for

15

min

in

4%

paraformaldehyde/PBS. Fixed cells were washed once with PBS containing 100 mM glycine
and twice with PBS. Fixed cells were treated for 2 min with 0.5% Triton/PBS. Following two
washes with PBS, cells were incubated with a 1:1000 dilution of a monoclonal anti-HA
monoclonal antibody (HA-11, Covance) for 1 h. Cells were washed 3 times with PBS and
stained with a 1:400 dilution of an anti-mouse-Alexa488 secondary antibody (Invitrogen) and
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DAPI (4ʼ,6-diamidino-2-phenylindole). Finally, cells were washed 3 times with PBS, mounted
in Vectashield (Vector Laboratories) and images were obtained on a Leica DM5500 Q
microscope.

2.6.3 SH-double affinity purification of protein complexes

Bait expressing Flp-In HEK293 cells were lysed in TNN-HS lysisbuffer (0.5% NP40, 50 mM
Tris pH 8.0, 250 mM NaCl, 50 mM NaF, 1.5 mM NaVO3, 5 mM EDTA, 1 mM DTT, 0.5 mM
PMSF and protease inhibitor cocktail (Sigma)). Insoluble material was removed by
centrifugation. The cleared lysate was loaded consecutively on spin columns (Biorad)
containing 200 μl Strep-Tactin beads (IBA Tagnologies) and the beads washed 4x with five
bead volumes of TNN-HS lysisbuffer. Proteins were eluted from the Strep-Tactin beads with
five bead volumes of 2 mM Biotin. The eluate was then incubated with 100 μl anti-HA
agarose (Sigma) for 2 h at 4°C on a rotation shaker. Immunoprecipitates were washed 4x
with ten bead volumes of TNN-HS lysisbuffer and 2x with ten bead volumes of the
corresponding lysisbuffer in the absence of protease inhibitor and detergent. By adding 5
bead volumes of 0.2 M Glycin pH 2.5 proteins were eluted and subsequently neutralized with
100 mM NH4HCO3. Cysteine bonds were reduced with 5 mM TCEP for 30 min at 37°C and
alkylated in 10 mM Iodacetamide at room temperature. Samples were digested by adding 1
μg Trypsin (Promega) overnight at 37°C. The peptides were purified using C18 microspin
columns (Harvard Apparatus) according to the protocol of the manufacturer, resolved in 0.1%
formic acid, 1% acetonitrile and injected into the mass spectrometer.

2.6.4 LC-MS/MS analysis

LC-MS/MS analysis was performed using an Agilent 1100 series pump (Agilent
Technologies, Waldbronn, Germany) and a LTQ mass spectrometer (Thermo Electron,
Bremen, Germany). The setup of the µRPLC system and the capillary column were
described previously

104

. The electrospray voltage was set to 1.8kV. The samples were

loaded from the Agilent auto sampler onto the precolumn at a flow rate of 4 µl/min in 5 min.
Mobile phase A was 0.1% formic acid and mobile phase B was 100% acetonitrile (Sigma,
Buchs, Switzerland). For analysis, a separating gradient from 5% to 45% mobile phase B
over 40 min at 0.2 µl/min was applied. The three most abundant precursor ions in each MS
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scan were selected for CID if the intensity of the precursor ion exceeded 20000 ion counts.
Dynamic exclusion window was set to 2 min. To prevent cross-contamination between the
different samples the LC system was washed with a pulse of 8 µl trifluoroethanol (Fluka,
Buchs, Switzerland) after every sample. A peptide standard containing 200 fmol of [Glu1]Fibrinopeptide B human (Sigma, Buchs, Switzerland) was analysed by LC-MS/MS to
constantly monitor the performance of the LC-MS/MS system. Samples that were subjected
for label free quantification were analysed on a high performance LTQ-FT-ICR mass
spectrometer (Thermo Electron, Bremen, Germany), which was connected online to a
nanoelectrospray ion source (Thermo Electron, Bremen, Germany). Peptide separation was
carried out using an Eksigent Tempo nano LC System (Eksigent Technologies, Dublin, CA,
USA) equipped with a RP-HPLC column (75 μm x 15 cm) packed in-house with C18 resin
(Magic C18 AQ 3 μm; Michrom BioResources, Auburn, CA, USA) using a linear gradient
from 96% solvent A (0.15% formic acid, 2% acetonitrile) and 4% solvent B (98% acetonitrile,
0.15% formic acid) to 25% solvent B over 60 minutes at a flow rate of 0.3 μl/min. The data
acquisition mode was set to obtain one high resolution MS scan in the ICR cell at a resolution
of 100,000 full width at half maximum (at m/z 400) followed by MS/MS scans in the linear ion
trap of the three most intense ions (overall cycle time of 1 second). To increase the efficiency
of MS/MS attempts, the charged state screening modus was enabled to exclude unassigned
and singly charges ions. Only MS precursors that exceeded a threshold of 150 ion counts
were allowed to trigger MS/MS scans. The ion accumulation time was set to 500 ms (MS)
and 250 ms (MS/MS) using a target setting of 106 (for MS) and 104 (for MS/MS) ions. After
every sample, a peptide mixture containing 200 fmol of [Glu1]-Fibrinopeptide B human
(Sigma, Buchs, Switzerland) was analysed by LC-MS/MS to constantly monitor the
performance of the LC-MS/MS system.

2.6.5 MS2 peptide assignments and MS1 alignment

Acquired MS2 scans were searched against the human International Protein Index (IPI)
protein database (v.3.26) using the XTandem search algorithm

105

with k-score plug-in

106

. In

silico trypsin digestion was performed after lysine and arginine (unless followed by proline) in
fully tryptic peptides. Allowed monoisotopic mass error for the precursor ions was 3 Daltons
for the LTQ data and 50 ppm for the FT data. A fixed residue modification parameter was set
for carboxyamidomethylation (+57.021464 Da) of cysteine residues. Oxidation of methionine
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(+15.994915 Da) was set as variable residue modification parameter. Model refinement
parameters were set to allow phosphorylation (+79.966331 Da) of serine, threonine and
tyrosine residues as variable modifications. Furthermore semi tryptic peptides were allowed
for refinement searches. For scoring, a maximum of two missed cleavages were considered.
Search results were evaluated on the Trans Proteomic Pipeline (TPP v3.2) using
PeptideProphet

107

and ProteinProphet

87, 108

. For label free quantification, samples were

analysed on a LTQ-FT-ICR instrument and MS1 alignment was performed using Superhirn 41,
109

. Protein intensity profiles were normalized using the average over features belonging to

the same protein and normalized to the bait protein profile.

! I (1,2or 3) $
log 2 # i (1) & ( I i( j ) = ion intensity of feature i in dilution j)
" Ii %

2.6.6 Analysis of protein interaction data

Protein identifications with ProteinProphet probabilities <1 were subjected to manual
inspection to exclude misassigned protein identifications. Protein IDʼs were filtered against a
contaminant database obtained from a total of eight independent SH-eGFP control
purifications analysed by 16 LC-MS/MS experiments and mapped to nonredundant entrez
gene IDʼs. Interaction data from two independent replicates were compared and interactions
found in both replicates were used for assembly of protein-protein interaction network models
using Cytoscape 2.5.1 (www.cytoscape.org). The interaction data has been made publically
accessible

via

the

IntAct

protein

interaction

database

(http://www.ebi.ac.uk/

intact/site/index.jsf). To identify known interactions an inhouse database containing 61263
interactions from various databases (BIND, DIP, IntAct, HPRD) and published literature
110, 111

19, 86,

was used. Orthology data have been retrieved from the Ensemble database (version

from 16 Sep 2008) using biomart version 0.7 (http://www.biomart.org/). Interaction data from
yeast have been downloaded from the biogrid server http://www.thebiogrid.org
Cytoscape 2.5.1 was used for mapping orthologous interactions.

112

and

2. An integrated workflow for charting the human interaction proteome

49

2. An integrated workflow for charting the human interaction proteome

50

3. Quantitative interaction proteomics using mass spectrometry

51

3. Quantitative interaction proteomics using mass
spectrometry

3.1 Authorship
This chapter is a reformatted version of a research article published in Nature Methods in
February 2009. I performed the experimental and analytical work and wrote the manuscript
together with Matthias Gstaiger. Timo Glatter provided the cell lines and Alex Schmidt helped
with mass spectrometry measurements. Ruedi Aebersold and Matthias Gstaiger provided
conceptual advice.

3.2 Summary
We present a novel mass spectrometry based strategy for the absolute quantification of the
components of protein complexes isolated through affinity-purification. It combines two
quantitative mass spectrometry methods. First, the bait protein is absolutely quantified via
the use of isotope-labelled peptides corresponding to a sequence of the affinity tag. Second,
prey proteins are absolutely quantified by label-free quantification using the precursor ion
signal intensities of proteotypic peptides generated in reciprocal purifications. We show that
the method can be used to determine the stoichiometry of interacting proteins, the
abundance of protein complexes and the distribution of proteins over multiple protein
complexes concurrently existing in a cell. The proposed method therefore supports a shift
from bare description of detectable protein interactions to a quantitative analysis of the
interaction proteome.
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3.3 Introduction
Most proteins assemble into macromolecular complexes that are part of dynamic protein
interaction networks of high complexity. The topology of such networks and the association
and dissociation of protein complexes are critical for the function of cellular processes such
as cell signalling, cell growth, proliferation and apoptosis. An understanding and eventual
mathematical modelling of protein complexes and interaction networks is therefore of broad
biological significance. Affinity-purification coupled with tandem mass spectrometry (APMS/MS) has become the method of choice for the analysis of protein complexes under near
physiological conditions

11, 21

. So far, for the most part, AP-MS/MS studies led to interaction

network models of purely qualitative, descriptive nature

40, 50, 86

. Such models are neither

suitable for quantifying the abundance of specific complex components, nor to infer to what
extent a given protein partitions into complexes of different composition. However, the
availability of this type of information would offer novel opportunities for the generation of
quantitative models of biological processes. Generally, the only mass spectrometry based
strategy allowing for an accurate absolute quantification of proteins, the prerequisite for
stoichiometry determination, involves the use of isotope labelled reference peptides

63, 64

.

Thereby, the absolute quantity of a peptide in a sample is determined by comparing its
integrated precursor ion current to the integrated ion current of the corresponding isotope
labelled peptide ion of known abundance. Prior to the application of this method, proteotypic
peptides (PTPs) need to be identified. A PTP is characterized by its uniqueness for the
protein under investigation and its good detectability in a mass spectrometer. Even though
PTPs can be computationally predicted
the PeptideAtlas

113

or extracted from proteomic databases such as

114

, they need to be experimentally validated. Furthermore, the applicability

of stable isotope labelled reference peptides in AP-MS/MS studies is limited because their
synthesis for a large number of network components is logistically challenging, time
consuming and expensive.
Here we describe a method for the absolute quantification of protein complex components in
AP-MS/MS studies that obviates the need for the synthesis of isotope labelled peptides for
every protein. It uses a single reference peptide derived from the affinity tag on the bait
protein to absolutely quantify the different bait proteins of a network. The absolute quantities
of the interacting prey proteins are then determined by correlating the precursor ion signal
intensities of their respective PTPs with the corresponding ion current calibration curves
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obtained automatically for every affinity-purified bait protein. The method does not require
any a priori knowledge about the PTPs of a particular protein and two isotope labelled forms
of a single reference peptide are sufficient to quantitatively analyse a protein interaction
network. When applied to the human protein phosphatase 2A (PP2A) network, the new
method revealed important information about the absolute abundance of the studied network
components and about the stoichiometry of protein interactions within the network.
Furthermore, the quantitative data could be used to infer the distribution of proteins over
different complexes and to monitor the composition change of complexes upon variation of
the physiological environment of the cell.

3.4 Results
3.4.1 Outline of the method

Systematic AP-MS/MS studies almost exclusively use epitope tagged bait proteins for
complex purification. The use of a common affinity tag for the analysis of diverse complexes
offers the opportunity to incorporate into the affinity tag an additional amino acid sequence
producing a tryptic peptide that can be applied, in conjunction with a isotope labelled version
of this peptide as a reference, to absolutely quantify the amount of bait protein in a sample. In
this study we used a peptide (SH-quant, AADITSLYK) incorporated into an affinity tag
consisting of a streptavidin binding peptide and a hemagglutinine epitope tag (SH-tag) for
quantification of the bait proteins. After single step affinity-purification with the streptavidin
binding part of the affinity tag, a defined amount of a heavy version of the SH-quant peptidecontaining isotope labelled Lysine (SH-quant*) is added to the samples. Additionally, a
defined amount of a different isotopic form of the SH-quant peptide, containing isotope
labelled Lysine and Leucine (SH-quant**) is added to the samples immediately before their
application to LC-MS/MS (Figure 12a). From the ratio of precursor ion signals for SH-quant*
and SH-quant, respectively, the amount of bait protein present in the different affinity-purified
samples can be calculated (Figure 12b). Additionally, the ratio between the precursor ion
signals for SH-quant* and SH-quant**, indicates the sample loss during the processing of the
affinity-purified samples and defines a correction factor to normalize for the variability in
sample losses.
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In the context of an extensive protein interaction study, numerous bait proteins are affinity
tagged and generally, reciprocal purifications are performed to increase reliability and
comprehensiveness of a protein interaction network. For every affinity-purified bait protein
analysed and quantified by mass spectrometry, ion current calibration curves of the
respective PTPs are generated as a free by-product of the mass spectrometric signals
recorded. Thereby the PTPs of the bait protein in question generate a characteristic
distribution of the precursor ion signal intensities. If such a calibrated protein is detected in
another AP-MS/MS analysed sample as prey protein, the characteristic distribution of PTP
precursor ion signal intensities will be preserved and can be used to absolutely quantify the
prey protein by correlation of the PTP precursor ion signal intensities to the bait derived
calibration curve in a process termed “correlational quantification” (Figure 12c). Therefore,
once a protein is purified as bait within an interaction network study, the amount of the same
protein can be determined by correlational quantification in any other affinity-purification.

Figure 12: Schematic representation of the three main steps of the AP-MS/MS
quantification method. (a) Affinity purification followed by LC-MS/MS analysis. Isotopelabelled peptides (SH-quant* and SH-quant**) are added at indicated steps for absolute
quantification of the bait protein via its tag and for normalization of variations between the
sample preparations. (b) From the ratio between the integrated precursor ion current of the
SH-quant* and SH-quant peptides, the amount of bait proteins present in the different affinitypurified samples can be calculated. (c) Once the absolute amount of a bait protein in an
affinity purification is known, the normalized precursor ion signal intensities of its proteotypic
peptides can serve as a calibration curve for correlational quantification of the same protein
in other affinity purifications.
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3.4.2 Assessment of the method

First, we tested whether the SH-quant peptide was indeed capable of accurately quantifying
the bait protein, using the Serine/threonine-protein phosphatase 2A scaffold subunit alpha
(PPP2R1A) as an example. After single step affinity-purification of PPP2R1A via the
streptavidin binding part of the affinity tag we added to the sample defined quantities of the
SH-quant* peptide and of two protein specific isotope labelled reference peptides
corresponding to PTPs close to the N- and C-terminus of PPP2R1A, respectively (amino
acids 195-202 and amino acids 567-576). We analysed the sample by LC-MS/MS and
quantified the two PTPs as well as the SH-quant peptide by comparing their respective
integrated precursor ion currents with the integrated precursor ion currents of the
corresponding isotope labelled peptides. The results in Figure 13a indicate that the absolute
quantity of recovered SH-quant peptide is close to the absolute quantity of the recovered
PPP2R1A specific PTPs. These results demonstrate that the SH-quant peptide is well suited
for the absolute quantification of the bait protein and that the SH-tag is indeed present in
equimolar amounts to the rest of the protein.

Figure 13: Assessment of the AP-MS/MS quantification method. (a) Quantification of the
bait in PPP2R1A purifications with three isotope-labelled peptides (SH-quant, N-terminal
PPP2R1A peptide and C-terminal PPP2R1A peptide). The quantifications were all
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normalized to the SH-quant abundance. Error bars represent the s.d. from four purifications.
(b) Quantification of PPP2R1A as prey. The absolute quantities of PPP2R1A in samples of
eighteen affinity purifications were each calculated by correlational quantification based on
bait-derived calibration curves from two PPP2R1A purifications labelled (1) and (2). The
PPP2R1A quantities were measured with isotope-labelled N-terminal PPP2R1A peptide and
C-terminal PPP2R1A peptide.

We next examined whether correlational quantification could be used to absolutely quantify
PPP2R1A identified as prey protein in AP-MS/MS analyses using a variety of bait proteins
previously linked to PP2A. Therefore we generated HEK293 cell lines for the expression of
nine different bait proteins known to interact with PPP2R1A and determined in each affinitypurification the absolute quantity of PPP2R1A by correlational quantification or by the use of
the stable isotope labelled reference peptides described above (Figure 13b). The average
difference of PPP2R1A quantities determined by the two methods across all samples was
less than 16 %. Importantly, the accuracy of the correlational quantification method was very
good across the whole abundance range tested, which was between 1 fmol to 120 fmol
PPP2R1A applied to the mass spectrometer. The boundaries confining the accuracy of the
method largely depend on the dynamic range of the mass spectrometer used. For the LTQFT instrument used in this study this range was between 1 fmol to 1 pmol (Figure 14).

Figure 14: Correlation of peptide amounts to their integrated precursor ion currents
analysed with the LTQ-FT-ICR mass spectrometer. Integrated precursor ion currents from
dilution series of bovine serum albumin, bovine alpha-lactalbumin (VGINYWLAHK) and
human [Glu1]-Fibrinopeptide B (EGVNDNEEGFFSAR) were extracted and aligned with
SuperHirn 109. Values are averages from triplicate measurements with error bars showing
standard deviations.
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3.4.3 Quantitative analysis of the PP2A interactome
We next applied the method to measure stoichiometry, changes in protein complex
composition and partitioning of proteins into different complexes containing the serine
threonine phosphatase PP2A. PP2A is involved in the control of a number of cellular
processes including the cell cycle, cell growth, cytoskeleton dynamics and more

77, 79, 115

.

Human PP2A complexes consist of one of two isoforms of a catalytic-subunit, which forms
the hetero-dimeric core enzyme with one of two isoforms of a scaffolding subunit. Substrate
specificity is gained by the association of the core enzyme with a regulatory subunit, to form
hetero-trimeric holoenzymes. The human genome contains minimally 15 genes coding for
regulatory subunits that are grouped in diverse families, including the B (PR55) and Bʼ
(PR56) families 77, 79, 115.
We first determined the absolute abundance of nine highly connected PP2A network
components identified in purifications using the bait expressing HEK293 cell lines described
above (Supplementary Table IX). To establish a quantitative representation of the
interactions underlying the PP2A network we calculated the interaction stoichiometries by
normalizing the absolute abundance levels of the prey proteins to the abundances of their
respective bait proteins (Figure 15a). We found that the catalytic subunits and the scaffolding
subunit PPP2R1A bind each other in a 1:1 ratio to form the PP2A core enzyme. Accordingly,
the majority of these two subunits are bound to each other and hardly any monomeric forms
exist. Therefore, interactions of cellular proteins with one of these subunits are also likely to
involve the other. This is reflected in purifications of the regulatory B subunits, which have
very similar binding stoichiometries towards the catalytic and scaffolding subunits (Table III).
Stoichiometry measurements also revealed how much of the pool of the regulatory B
subunits partitions in holoenzyme formation: From the four regulatory PR55 subunits tested,
all but PPP2R2C seem to form nearly stoichiometric complexes with the core enzyme (Table
III).

bait
PPP2R2A
PPP2R2B
PPP2R2C
PPP2R2D

PPP2R1A
% of bait
76
84
24
81

PPP2C A&B
% of bait
73
98
22
97

Table III: PR55 stoichiometries with the
core enzyme components. Stoichiometries
between the different PR55 subunits and the
PP2A scaffold subunit alpha (PPP2R1A) or
the PP2A catalytic subunits (PPP2CA and
PPP2CB), respectively. Average binding
stoichiometries from two purifications.
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Figure 15: A quantitative protein interaction analysis of PP2A. (a) Quantitative
representation of a PP2A protein interaction network. The thickness and colour of the edges
corresponds to the amount of prey protein normalized to the amount of the respective bait
protein. Each arrow represents an average of two purifications. PPP2CA and PPP2CB
cannot be distinguished in the quantification calculations because they have 97.7% identical
amino acid sequence. (b) Average abundance of proteins interacting with PPP2R1A from two
purifications normalized to the bait abundance in untreated cells or those treated for 3 h with
100 nM okadaic acid. (c) Abundance of canonical PPP2C-PPP2R1A/PPP2R2A complexes
compared to hybrid PPP4C-PPP2R1A/PPP2R2A complexes. The estimation relied on the
stoichiometry data from the PPP2R1A and PPP2R2A purifications.
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Even the subunits PPP2R2B and PPP2R2D, which appear to be expressed endogenously at
very low levels in HEK293-cells are almost completely bound to the endogenous core
enzyme when expressed as a transgene. Affinity-purifications with PPP2R2C on the other
hand showed that only about 23 % was bound to the catalytic- and scaffolding proteins. We
speculate that the majority of this protein was associated with the cytosolic chaperonine
complex CCT because relative quantification with normalization to the bait abundance
revealed that the interaction with the CCT components is significantly increased for
PPP2R2C compared to the other PR55 subunits (Figure 16).

Figure 16: Relative quantification of the CCT complex components binding to the
PR55 subunits. The precursor ion currents of the CCT peptides identified across the
different PR55 subunit purifications were normalized for the absolute amount of bait protein
present in the respective purifications. PPP2R2A was chosen as a reference to compare the
association of CCT molecules per bait protein molecule between the PR55 subunits. The
bars represent the average from the data of two measurements shown as circles.

To illustrate the implication of our method for the analysis of changes in protein complex
compositions, we examined the interactions of the protein phosphatase methylesterase
PPME1 with PP2A. Under normal growth conditions PP2A-PPME1-complexes constitute
around 20% of the entire pool of PP2A, as revealed by AP-MS/MS using PPP2R1A as a bait.
Upon treatment with the highly specific PP2A inhibitor and tumor promoting agent okadaic
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acid (OA), PP2A-PPME1-association was significantly reduced to around 4%, while the
association of PPP2R1A with the catalytic subunits was unaffected (Figure 15b). A reduction
in PPME1 binding following OA treatment was also confirmed by Western blotting (Figure
18). This observation agrees with a recently solved structural model, wherein PPME1 binds
directly to the active site of the phosphatase, competing with okadaic acid and also with other
phosphatase inhibitors 116.
Figure 18: Decrease in the association of PPME1
with protein phosphatase2A upon okadaic acid
treatment. PPP2R1A complexes were purified from
SH-PPP2R1A expressing HEK 293 cells in absence
(-OA) or presence (+OA) of okadaic acid (100nM, 3
hours) and analysed by Western blotting with anti-HA
and anti-PPME-1 antibodies. Molecular weights in
kDa are indicated on the left side of the panel.

In our interaction study we found that the scaffolding and regulatory subunits of PP2A can
not only interact with catalytic subunits of PP2A, but also with the catalytic subunit of the
protein phosphatase 4 (PPP4C). Evidence for promiscuous interactions between PP2A
components and PP4C have been reported previously

86

, but to what extent these PP2A

subunits partition in PP4C hybrid complexes is not known. The obtained quantitative data
clearly showed that PPP4C is present in only 1% to 2% of all complexes containing
PPP2R1A

and

PPP2R2A,

which

in

turn

indicates

that

the

canonical

PPP2C–

PPP2R1A/PPP2R2A complexes are around sixty times in excess over the hybrid PPP4C–
PPP2R1A/PPP2R2A complexes (Figure 15c).

3.5 Discussion
Previous AP-MS/MS studies revealed valuable information on protein-protein interactions
from model organism proteomes. However, given the qualitative nature of the interaction
information obtained by these studies, many important questions remain to be addressed: To
what extent do proteins partition in different complexes? What is the true complex
composition and how do complexes change upon perturbations in the cellular environment?
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To address these questions we developed a novel quantitative AP-MS/MS method that
combines the strength of isotope-labelled peptides for absolute quantification with the
advantages of label-free quantification. The method has the following attractive features:
First, quantitative information can be gained from AP-MS/MS studies even for large networks
without identifying and synthesizing isotope labelled PTPs. No additional experiments for
PTP validation and hardly any expenses for the peptide synthesis are necessary, as the
method only requires a single pair of isotope labelled peptides. Second, the precision of the
data obtained with the method is comparable to that obtained by absolute quantification
using isotope labelled peptides for every network component. This allows accurate
measurements of protein complex abundances and detection of even small changes within
protein protein interaction networks. Third, it is fully compatible with existing high throughput
AP-MS/MS workflows, which almost exclusively use purification strategies based on a
generic affinity tag fused to the protein of interest. The method is not restricted to the
purification workflow used in this study, as proteotypic peptides suitable for MS quantification
can in principle be generated from any other affinity tag after tryptic digestion. Alternatively,
SH-quant can simply be attached to the tag of choice. Generally, the method will be
particularly useful for studies that aim to achieve a high density of interaction data. In such
studies identified interactors will in turn be used as bait proteins for reciprocal isolations, thus
providing the PTP signal intensity maps that are the basis for correlative quantification. While
absolute quantification is confined to the set of proteins that have been used as baits within
the same study, relative quantification of prey proteins with normalization to the bait
abundance can be applied to all identified proteins and is also of great value for the
assignment of protein complex distributions.
When analyzing mammalian cells care should be taken that transgenic bait expression levels
are homogenous throughout the cell population and close to the endogenous protein levels to
ensure that the binding stoichiometries measured from the tagged bait proteins reflect the
stoichiometries of the corresponding endogenous proteins. Here we used tetracycline
inducible bait expression from a single ectopic allele integrated in the genome which resulted
in moderate bait expression comparable to the corresponding endogenous protein levels as
shown by Western blotting experiments (Figure 19a). Furthermore the measured protein
interaction stoichiometries were robust when the bait proteins were expressed at different
levels from the ectopic allele (Figure 19b). These results together with the results on the
PP2A network described above demonstrate that stoichiometry data for human protein
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interactions can be reliably obtained as long as the bait is expressed at close to physiological
levels. When analyzing interaction proteomes of model organisms that allow for the tagging
of endogenous proteins such as S.cerevisiae, the presented method can be used to
systematically analyse interaction proteomes at an unprecedented quantitative level with
minimal interference of the system.

Figure 19: Bait expression levels and their effect on protein complex stoichiometries.
(a) Ectopic expression of four different bait proteins (upper bands) induced with the indicated
amounts of tetracycline for 24 hours are compared to the expression levels of the respective
endogenous proteins (lower bands) by Western blotting. (b) Absolute protein amounts and
protein stoichiometries in purified complexes isolated from cells expressing different levels of
bait proteins. Bait proteins (purple bars) are quantified with the SH-quant peptide and the
amounts of PPP2R1A (red bars) are determined via the two isotope labelled proteotypic
peptides mentioned before (PPP2R1A amino acids 195-202 and 567-576). Interaction
stoichiometries are shown in blue. Error bars indicate the data range of the measurements
with the two peptides.

Based on the results obtained from the pilot study on the human protein phosphatase 2A
network we believe that the new method will have a strong impact on AP-MS/MS based
interaction proteomics as it represents an efficient and accurate way (i) to provide information
on the stoichiometry of observable interactions, (ii) to measure protein complex abundance
and (iii) to resolve the redistribution of complex components upon changes in the cellular
environment. Thus it will promote the long awaited shift towards a quantitative representation
of the interaction proteome with unprecedented opportunities for the modelling of biological
processes.
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3.6 Materials and Methods
3.6.1 Cell culture and affinity-purification protocol

To generate vectors for expression of N-terminally SH tagged versions of bait proteins,
human ORFs from the horfeome v3.1 library (Open Biosystems) were selected and
recombined with the inhouse designed destination vector pcDNA5/FRT/TO/SH/GW. Stable
isogenic Flp-In HEK293 cell-lines were cultured in DMEM (4.5 g/L glucose, 10% FCS, 2 mM
L-glutamin, 50 μg/ml penicillin, 50 μg/ml streptomycin) containing hygromycin (50 μg/ml) and
blasticidin (15 ug/ml). Expression was induced with tetracycline (1 µg/ml) for 24 h. Okadaic
acid (LC laboratories, Woburn, MA, USA) treatment was at 100nM for 3h. Cells were
harvested on ice and washed with cold PBS before freezing the cell-pellet in liquid N2.
Expression levels were monitored with antibodies against PP2A B Subunit, PP2A C Subunit,
(Cell Signaling Technology) PPME1 (a kind gift from Egon Ogris, Medical University of
Vienna) and against the hemagglutinine epitope (HA) (Covance).
Around 3.107 cells per affinity-purification were lysed in TNN buffer (0.5% NP40, 50mM Tris
pH 8.0, 100mM NaCl, 50mM NaF, 1.5mM NaVO3, 5mM EDTA, 1mM DTT, 0.5mM PMSF and
protease inhibitor cocktail (all Sigma or Fluka, Buchs, Switzerland)). Insoluble material was
removed by centrifugation. The cleared lysate was loaded consecutively on a Strep-Tactin
96-well plate (IBA Tagnologies). The plate was washed 2x with 0.9ml of TNN buffer and 2x
with 0.6ml TNN buffer without DTT, protease inhibitors and detergent. Proteins were eluted
from the Strep-Tactin plate with 3x 150µl 100mM HEPES pH8.0, 100mM NaCl containing
2.5mM Biotin. 10pmol of SH-quant* (AADITSLYK*, with Lys(13C6,

15

N2)) along with 5pmol of

two isotopic labelled proteotypic peptides of the Serine/threonine-protein phosphatase 2A
scaffold subunit alpha isoform (PPP2R1A) were added (VLELDNVK*, LTQDQDVDVK*, each
with Lys(13C6,

15

N2)) (Thermo Electron, Ulm, Germany). Cystein bonds were reduced with

2mM TCEP (Pierce) for 20min at 37°C and alkylated in 4mM Iodacetamide (Sigma, Buchs,
Switzerland) at room temperature. Samples were digested by adding 1.2μg Trypsin
(Promega) overnight at 37°C. The peptides were purified using C18 microspin columns
(Harvard Apparatus) according to manufacturers protocol and redissolved in 0.1% formic
acid, 5% acetonitrile. Before injection into the mass spectrometer SH-quant** (AADITSL*YK*,
with Lys(13C6, 15N2) and Leu(13C6, 15N)) was added to a concentration of 16.66 fmol/µl.
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3.6.2 LC-MS/MS-analysis

The samples were analysed on a LTQ-FT-ICR or a LTQ Orbitrap XL mass spectrometer
(Thermo-Fischer Scientific, Bremen, Germany), which was connected online to a
nanoelectrospray ion source (Thermo-Fischer Scientific, Bremen, Germany). Peptide
separation was carried out using an Eksigent Tempo nano LC 1D+ System (Eksigent
Technologies, Dublin, CA, USA) equipped with a RP-HPLC column (75μm x 15cm) packed
in-house with C18 resin (Magic C18 AQ 3μm; Michrom BioResources, Auburn, CA, USA)
using a linear gradient from 96% solvent A (0.15% formic acid, 2% acetonitrile) and 4%
solvent B (0.15% formic acid, 98% acetonitrile) to 25% solvent B over 60 minutes at a flow
rate of 0.3μl/min. 4µl of each sample were injected per LC-MS/MS run and analysed. The
data acquisition mode was set to obtain one high resolution MS scan in the ICR cell at a
resolution of 100,000 full width at half maximum (at m/z 400) followed by four MS/MS scans
in the linear ion trap (overall cycle time was around 1 second). The instrument was
programmed to automatically sequence the two most intense precursor ions in the first two
MS/MS scans. The other two MS/MS events were used to trigger CID-scans upon specific
precursor masses present in an inclusion list

117

. The inclusion list contained peptide-ion-

masses of all baits and some selected known interaction partners of the PP2A-holoenzyme.
To increase the efficiency of MS/MS attempts, the charged state screening modus was
enabled to exclude unassigned and singly charges ions. Only MS precursors that exceeded
a threshold of 150 ion counts were allowed to trigger MS/MS scans. The ion accumulation
time was set to 500 ms (MS) and 250 ms (MS/MS) using a target setting of 106 (for MS) and
104 (for MS/MS) ions. After every two samples (same baits), a peptide mixture containing
200fmol of [Glu1]-Fibrinopeptide B human (Sigma, Buchs, Switzerland) was analysed by LCMS/MS to constantly monitor the performance of the LC-MS/MS system.
Acquired MS2 scans were searched against the UniProtKB/Swiss-Prot protein database
(release 12.0) using the XTandem search algorithm

105

with the k-score plug-in

106

. In silico

trypsin digestion was performed after lysine and arginine (unless followed by proline) in fully
tryptic peptides. Allowed monoisotopic mass error for the precursor ions was 50ppm for the
FT data. A fixed residue modification parameter was set for carboxyamidomethylation
(+57.021464 Da) of cysteine residues. Oxidation of methionine (+15.994915 Da) was set as
variable residue modification parameter. Model refinement parameters were set to allow
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phosphorylation (+79.966331 Da) of serine, threonine and tyrosine residues as variable
modifications. Furthermore semi tryptic peptides were allowed for refinement searches. For
scoring, a maximum of two missed cleavages were considered. Search results were
evaluated on the Trans Proteomic Pipeline (TPP v3.2) using PeptideProphet
ProteinProphet

107

and

87, 108

. Feature extraction and assignment of MS2-identifications was done

with SuperHirn 109.

3.6.3 Correlational quantification method

Each bait was absolutely quantified by ratio formation between the integrated precursor ion
current of SH-quant* and SH-quant. The PTPs of the bait protein were extracted as feature to
generate a calibration curve. Thereby only peptides with a peptide prophet probability above
0.9 were considered and the integrated ion current of the precursor ions corresponding to the
PTPs was normalized by the sample specific ratio between SH-quant* and SH-quant**. The
PTPs of the prey protein were also extracted as features and normalized by their sample
specific ratio between SH-quant* and SH-quant**. Afterwards they were matched to the
corresponding features in the bait derived calibration curve. The criteria for matching were
sequence identity and charge state. Ratios were formed for all matched features and
transformed with the logarithm to the base 2. An outlier-detection was performed based on
quantiles. All ratios which were below the median four times the difference between the 0.5
and the 0.25 quantile were discarded. The same was done with values above the median
four times the difference between the 0.5 and the 0.75 quantile. The average of all remaining
feature ratios was used for the absolute quantification of the prey protein via the bait derived
calibration curve (i.e. correlational quantification).
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4. Conclusion
The study of protein interactions and protein complexes is a prime interest for biologists
because the association of proteins into macromolecular complexes is often linked to their
function (guilt by association). The systems biology approach proposes the study of whole
systems or well-defined subsystems. This means that by simultaneous study of a larger
number of protein interactions the connectivities between regulatory mechanisms and the
complexity of the system as a whole can be analysed.
For the systematic study of protein interactions efficient and roust workflows are the
prerequisite, because a tedious optimisation for every protein is not feasible. In our workflow
we facilitated the overall procedure from cloning, cell line generation, affinity purification to
mass spectrometry analysis. We did not only work on the improvement of single steps but
also optimized the interfaces in the workflow. Since our workflow has been published, a large
number of labs have raised interest to apply it for their needs. Thus in the meantime there
are several pleasant examples, where other labs successfully apply our workflow and there
are also a number of collaborations aiming for an application of our AP-MS method on
distinct biological examples 118-120.
In our study, the new integrated workflow allowed us to assemble the most comprehensive
protein network model for human PP2A known to date. The results confirm and significantly
extended our knowledge on a remarkable molecular principle underlying the functional
diversification of a human phosphatase system by differential protein complex formation.
However, even though we could prove the concurrent existence of different PP2A
complexes, we could neither determine the partitioning of the proteins into the different
complexes nor the abundance of the complexes. To answer these questions we developed a
method suitable for quantitative interaction proteomics, which allows (i) to provide information
on the stoichiometry of observable interactions, (ii) to measure protein complex abundance
and (iii) to resolve the redistribution of complex components upon changes in the cellular
environment. We performed again a study on the human protein phosphatase 2A network,
but the second time we were able to obtain quantitative interaction data and measure the
interaction stoichiometries. This enabled us to predict the prevalent complexes under the
studied conditions and we found that PP2A is predominantly present in the cell as trimeric
complex with a stable core complex, consisting of a catalytic and the scaffolding subunit,
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associated with diverse regulatory subunits. We also found that the treatment of cells with the
phosphatase inhibitor okadaic acid reduced the interaction of the protein phosphatase
methylesterase PPME1 with the core complex but did not affect the association of the core
complex itself. Finally we confirmed a hybrid association between PP4C and PP2A
regulatory subunits, but we also found this association to be around sixty times less
abundant than the canonical PP2A complexes.
The contribution of high quality interaction data to the scientific community will certainly
increase trust in interaction proteomics and increase its value as a screening method to
detect physical relationships between proteins. This is highly desirable, because interactions
identified by AP-MS are often the basis for subsequent focused studies, whose success
depends on the quality and correctness of the initial findings. It is also important to populate
protein

interaction

databases

with

high-quality

interaction

data.

The

better

the

comprehensiveness and the better the quality of a database, the more meaningful are the
conclusions from data mining and integration efforts. Thereby the data needs to be annotated
according to strict rules to describe all relevant aspects of an interaction experiment. An effort
into this direction is MIMIx, the minimum information required for reporting a molecular
interaction experiment

121

. The study of the whole mammalian interaction proteome is still a

task too big to be carried out by single academic labs, but by collective efforts and with help
suitable technologies mammalian interaction proteomes can be studied in a decentralized
fashion. In this respect databases are very important, as they facilitate the dissemination but
also conservation of potentially interesting results from interaction studies, which are not
followed up immediately in a focused study, but still contain valuable information.
We are convinced that our experimental and analytical progress for the investigation of
protein interactions and protein complexes is an important contribution to the field of
interaction proteomics. It will advance the systematic analysis of mammalian protein
interactions and promote a quantitative representation of the interaction proteomes with
unprecedented opportunities for the modelling of biological processes.
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7. Abbreviations
AP-MS(/MS)

Affinity purification and mass spectrometry

AQUA

Absolute quantification using isotope labelled peptides

BAC

Bacterial artificial chromosome

BIND

Biomolecular interaction network database

CBP

Calmodulin binding peptide

CCT-complex

Chaperonin containing tailless complex

cDNA

Complementary deoxyribonucleic acid

CID

Collision induced dissociation

DAPI

4',6-diamidino-2-phenylindole

DIP

Database of interacting proteins

DMEM

Dulbecco modified Eagle's minimal essential medium

DNA

Deoxyribonucleic acid

eGFP

Enhanced green fluorescent protein

ESI

Electrospray ionization

FCS

Fetal calf serum

Flp

Flippase

FRT

Flippase recombinant target

HA

Hemagglutinine

HEK293

Human embryonic kidney 293 cells

HPRD

Human protein reference database

HTP

High throughput

IntAct

Interaction database

IPI

International protein index

LC-MS(/MS)

Liquid chromatography coupled online to mass spectrometry

LTQ

Linear ion trap mass spectrometer

LTQ-FT-ICR

Linear ion trap fourier transform ion cyclotron resonance hybrid mass
spectrometer

MALDI

Matrix assisted laser desorption ionization

MCL

Markov clustering method

MIPS

Munich information center for protein sciences
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mRNA

Messenger ribonucleic acid

MS

Mass specrometry

NSAF

Normalized spectral abundance factor

ORF

Open reading frame

PBS

Phosphate buffered saline

PCR

Polymerase chain reaction

PE

Purification enrichment

Ppm

Parts per million

PPME

Protein phosphatase methylesterase

PP2A

Protein phosphatase 2A

PP4

Protein phosphatase 4

PTP

Proteotypic peptide

RNA

Ribonucleic acid

RP-HPLC

Reverse-phase high performance liquid chromatography

SAI

Socio affinity index

SH

Streptavidin/ Hemagglutinine

SILAC

Stable isotope labelling of amino acids in cell culture

Strep

Streptavidin

TAP

Tandem affinity purification

TPP

Trans-proteomic pipline

TSC

Total spectral count

UPGMA

Unweighted pair group method with arithmetic mean

YPD

Yeast proteome database

Y2H

Yeast-two-hybrid
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