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The components that enable cells and organisms to fulfill a plethora of chemical and physical

reactions, including their ability to metabolize, replicate, repair and communicate with their

environment are mostly based on the functioning of highly complex cellular machines which

are to a large extent composed of proteins. With the development of MS techniques compatible

with the analysis of minute amounts of biological material, it has become more and more

feasible to dissect the composition and modification of these protein machineries. Indeed, new

purification methods of protein complexes followed by MS analysis together with the genomic

sequencing of various organisms – and in particular of crop species – now provide unforeseen

insight to understand biological processes at a molecular level. We here review the current state

of the art of in vivo protein complex isolation and their MS-based analytical characterization,

emphasizing on the tandem affinity purification approach.
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1 Introduction

A multitude of cellular activities are carried out by specific

molecular machineries of which proteins constitute core

components. The existence, role and functioning of such

modules started to be addressed about 60 years ago. In the

late 1940s already, the notion of ‘multienzyme complex’ was

defined to describe an ‘organized mosaic of enzymes’ that

catalyze consecutive reactions in metabolic pathways [1];

later such units were dubbed ‘metabolons’ [2]. In these

modules, metabolic intermediates are transferred by ‘meta-

bolite channeling’ between consecutively required enzymes,

without diffusing into the bulk phase of the cell. A number

of biosynthetic pathways in plants involve such enzyme

assemblies [3–5]. In other modules, one enzyme may play a

role of structural or regulatory subunits for its partner

enzymes, as exemplified by the cysteine synthase bienzyme

in Arabidopsis thaliana [6]. To isolate the complexes, diverse

physical and chemical methods were used to study the

macromolecular interactions within functional complexes,

among which ultracentrifugation, chromatography and

electrophoresis [7]. Surface plasmon resonance and nuclear

magnetic resonance were used to assess the internal protein

bonds and their possible correlations with protein structure

[8]. Affinity purification has become a technique of choice to

purify complexes involving one particular protein whose

interaction partners are unknown. The latter technique was

in particular used to study the mechanism of ordered

protein assembly until reconstituting a functional structure

in vitro [9]; obtaining such fully active molecular machines

has since then been described to be feasible in a cell-free

protein synthesis system [10].

The present review focuses on the characterization of

protein complexes in vivo, by the combination of affinity

purification and mass spectrometry (MS) analysis. In vitro

or heterologous system approaches are not reported here
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although they are also an important source of data. The

strategies of single-step and two-step affinity purification are

first presented, with a special emphasis on studies using

two-step affinity purification in plants. They are then illu-

strated by outstanding examples of their implementation in

large-scale analyses in various organisms and cell types. The

need to characterize in-depth protein complexes is finally

discussed according to the following aspects: the dynamics

of complex composition, the post-translational modifica-

tions (PTMs) of proteins, the stoichiometry of protein

complex components and the direct protein–protein

contacts. We mostly limited our bibliography to approaches

involving the MS analysis of enzymatically digested protein

complexes. However, illuminating reports described the

analysis of intact protein assemblies by MS, thus providing

precise insight into the subunit architecture of complexes

(stoichiometry of associated proteins, exchange of mono-

mers between complexes, etc.). Such studies were reviewed

in detail elsewhere [11] and we only briefly deal with them at

the very end of this review.

2 Isolation and analysis of protein
complexes

Obtaining a description of multi-protein complexes corre-

sponding to their actual in vivo state requires isolating them

in close-to-physiological conditions before further MS

analysis. This can be performed by diverse methods such as

native fractionation on sucrose gradients [12], chromato-

graphy [13–15], Blue Native (BN)-PAGE [16–18] or multi-

dimensional electrophoresis [19]. Nonetheless, affinity

purification has been favored by the majority of studies

aiming to characterize protein complexes. Two main generic

affinity-based methods can provide an efficient way to purify

complexes from crude extracts, namely epitope-tagging [20]

(single-step affinity purification), and tandem affinity puri-

fication (TAP) [21, 22] (two-step affinity purification) (Fig. 1).

2.1 Single-step affinity purification techniques

In single-step affinity purification, the bait protein is

expressed in a tagged form, the tag being a peptide or a

protein fusion that possesses high affinity for a ligand

linked to a solid support [23]: the ligand may be a metal ion

[24, 25], a biomolecule, peptide or sugar [26, 27] or a whole

protein [28, 29]. A frequent drawback of single-step affinity

purification is the large number of co-purifying contami-

nant proteins, which often non-specifically bind to the affi-

nity matrix or the antibodies used. This approach is widely

used in plant research and identifies putative interacting

proteins. Just to mention one study, MS analysis of purified

epitope-tagged 26S proteasomes from A. thaliana [30]

revealed that the core protease-regulatory particle is actually

composed of a heterogeneous set of particles being made up

of several proteasome-associated proteins, which probably

assist in protein complex assembly and regulation.

Figure 1. Two main affinity-

based methods to purify

protein complexes. (A) Single-

step affinity purification. (B)

Two-step affinity purification.

Grey boxes represent partner

proteins of the tagged bait

protein and black boxes repre-

sent contaminant proteins; the

blue box and the small colored

boxes correspond to the bait

protein and its fused tags,

respectively.
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2.2 Two-step affinity purification techniques

To get higher certainty in the identity of the interacting

partners of a protein of interest, two-step affinity purification

techniques were developed. These techniques can be

grouped under the label ‘TAP’. In comparison to one-step

purification, the TAP protocol tends to yield cleaner samples

but transient or weak interactions can be lost due to the

multiple incubation and washing steps [31]. Initially, the

TAP approach was developed to isolate and identify protein

complexes in the yeast Saccharomyces cerevisiae [21]. In its

original form, a bait protein is fused to different tags, which

are sequentially used to isolate a highly purified bait protein

and its associated protein partners. The three tags are two

IgG-binding units of protein A of Staphylococcus aureus
(ProtA), a tobacco etch virus (TEV) protease cleavage site

and a calmodulin-binding peptide (CBP). This method

proved to be successful and a first large-scale study was

published a few years later in yeast, where 1739 genes were

processed leading notably to the purification of 589 protein

assemblies [32]. Later on, Krogan et al. processed 4562

different TAP-tagged proteins in yeast [33]. About 2357

purifications were successful demonstrating notably 7123

protein–protein interactions involving 2708 proteins. The

TAP approach was also applied and developed in other

organisms, including bacteria [34], mammalian cells [35]

and insect cells [36].

For plants, the first work using the TAP approach was

published by Rohila et al. in 2004 [37], i.e. five years after the

development of the technique in yeast. Actually, beforehand,

some teams already tried to analyze protein complexes

using methods close to the TAP. This was the case of Rivas

et al. in 2002 who fused the TAP tags from Rigaut et al. to

the C-terminus of the tomato Cf-9 gene and transiently

expressed the construct in Nicotiana benthamiana leaves

[38]. However, although the authors could show that the

Cf-9 protein is part of a membrane complex consisting of an

additional glycoprotein partner(s), they did not take advan-

tage of the full potential of the combination of tags as they

only used the ProtA tag and the TEV protease cleavage site.

In the same way, Zhong et al. could identify 86 different

proteins that were putatively part of complexes associated

with the TATA-box binding protein (TBP) in rice [39]. The

authors used rice suspension cell cultures expressing TBP

fused to a biotin peptide and a TEV protease cleavage site.

Rohila et al. were thereby the first to apply a standard TAP

approach in plants [37]. The authors characterized and

improved for plants a system developed initially in yeast. For

example, they detected and mutated a nuclear localization

signal (NLS) in the CBP region of the N-terminal TAP

tag; they modified the duplicated nucleotide sequence

coding for the protein A domain to reduce recombination

and the possibility of repeat-induced gene silencing. After all

these modifications and optimizations, they transiently

expressed a hybrid glucocorticoid receptor fused to this new

synthetic TAP cassette in tobacco leaves and could identify

two interacting proteins, HSP70 and HSP90, using an

additional step of formaldehyde cross-linking. These two

HSPs were known to interact with the glucocorticoid

receptor in vivo in mammalian cells and in vitro in plants,

which confirmed the feasibility of a whole TAP procedure

in plants.

Several parameters have to be examined for the success

of a TAP approach. The possibility to identify a protein

complex to which the bait protein belongs depends on the

inherent properties of the complex under study. The stabi-

lity of the complex, its abundance and its subcellular loca-

lization are specific characteristics of each complex,

indicating that the success of a TAP approach is hardly

predictable and hence highly empirical. Having considered

these inescapable physicochemical aspects, several ways of

performing a TAP approach apply.

First, the choice of the TAP cassette, meaning the

combination of tags, is an important parameter. As we will

see in the examples described thereafter, different TAP

cassettes have been used in plant studies. Actually, several of

them do not correspond to the TAP cassette developed by

Rigaut and colleagues in 1999. For a detailed description of

the commonly used tag combinations for TAP, see the

review of Li [40].

Then, the promoter that is used for expression of the bait

protein has to be chosen carefully. The amount of expressed

bait protein is a crucial factor in the success of the approach.

Overall, it can be stated that the more a protein is expressed

the higher will be the amount of the purified bait protein.

However, even if this is usually true for the bait protein, the

protein partners in the complex(es) will usually not adapt

their expression and/or abundance to the level of the bait

protein. Moreover, if the biological function of the bait

protein necessitates a tight regulation, overexpression

will very probably lead to phenotypes different from the

wild-type.

In the same way, the genetic background needs to be

considered. The alternatives are usually a wild-type back-

ground or a bait protein mutant background. The comple-

mentation of the mutant phenotype is a good indicator that

the TAP-tagged protein is functional and that the protein

complex(es) are functional as well. Moreover, working in a

mutant background avoids the competition between the

endogenous protein and the tagged protein for the forma-

tion of the complex(es).

Finally, the expression system and/or type of culture

system of the biological material are other important aspects

to examine. Several possibilities exist: cell cultures, transient

in planta expression or stable plant transformation. The use

of stable plant transformants is of course closer to physio-

logical conditions, but as we will see in one of the examples

below, the use of cell cultures also has some advantages. The

success of the purification depends on a combination of all

these parameters. Ideally, a TAP approach should enable to

highly purify a protein and its associated partners while

respecting their physiological characteristics (expression

1826 D. Pflieger et al. Proteomics 2011, 11, 1824–1833

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



level, stoichiometry, dynamics, stability, subcellular locali-

zation and function). Below are several examples that

illustrate some TAP approaches that were realized success-

fully in targeted or larger scale studies.

2.3 The COP9 signalosome (CSN) complex in

Arabidopsis

Rubio et al. were the first to use stably transformed Arabi-
dopsis transgenic lines to study the CSN complex, a highly

conserved multi-protein complex consisting of eight subu-

nits and playing a key role in the ubiquitin/26S proteasome

proteolytic regulatory pathway [41]. The authors generated a

modified TAP cassette by replacing the TEV protease clea-

vage site with the more specific sequence recognized by the

human rhinovirus 3C (3C) protease, which is active at low

temperatures. They also replaced the CBP by a six-histidine-

repeat motif (6xHis) and a nine-myc-peptide repeat (9xmyc)

for the second affinity purification step. All these modifica-

tions allowed the TAP procedure to be efficiently performed

at 41C, allowing more stable complex isolation. They

generated transgenic plant lines with 31 TAP-tagged

proteins involved in light signaling and the ubiquitin/26S

proteasome pathway, but their work focused on the study of

the CSN3 subunit. The TAP-CSN3 protein was under the

control of two copies of the CaMV 35S promoter. The

protein fusion complemented the lethal csn3 phenotype:

CSN3-TAP-containing transgenic plants in the mutant

background (CSN3-TAP csn3/csn3) overcame the lethal csn3
phenotype, although their development was delayed when

compared with transgenic plants in a heterozygous mutant

background (CSN3-TAP CSN3/csn3). The protein fusion

was therefore at least partially functional. By gel filtration

assays, the authors could show that the TAP-CSN3 protein is

part of a larger protein complex, as it is the case for the

endogenous CSN3 protein. Finally, using specific-subunit

antibodies and partial MS analysis of the CSN3-TAP puri-

fied sample, the authors showed the presence of six of seven

other CSN subunits tested, demonstrating the efficiency of

this whole TAP approach for the study of this CSN multi-

protein complex.

2.4 Protein kinase (PK) complexes in rice

Michael E. Fromm’s team published two papers where PK

complexes from rice were studied by a TAP approach

[42, 43]. As mentioned previously, this team was the first to

successfully use TAP in plants [37]. In these two articles, the

authors overall analyzed 129 PKs from rice. They fused the

PK cDNAs in-frame with an N-terminal TAP cassette under

the control of the maize ubiquitin promoter to allow

constitutive expression of the tagged proteins in transgenic

rice plants. After the whole TAP process, they could recover

83 TAP-tagged PKs (64%) to identify 29 complexes (35% of

recovered PKs). Overall, 22% of the 129 PKs analyzed by

TAP led to the identification of protein complexes. At a first

glance, this percentage may seem low. However, for most of

the PKs analyzed the authors performed only a single TAP

analysis using a standard protocol. Some biological repeti-

tions of the experiment and optimizations of the protocol

according to the properties of the protein under study would

probably increase the success rate of this medium-scale

approach. The protein complexes may not always be abun-

dant and/or stable enough to be recovered efficiently by this

method. In addition, the authors compared the results

obtained by the TAP approach with yeast two-hybrid

screening. They screened 93 of the 129 PKs in a yeast two-

hybrid system against a library of rice cDNA prey vectors.

Only four proteins interacted with one or more of the same

proteins in both techniques. The same interacting proteins

found by both methods represented 3% of the total inter-

acting proteins. The authors concluded this percentage was

similar to that found in a comparison of protein interaction

methods in yeast.

2.5 The cell cycle machinery in Arabidopsis

A few years ago, Geert De Jaeger’s team developed a novel

TAP method that was applied to study the cell cycle

machinery in A. thaliana [44]. The authors chose cell

suspension cultures for several reasons: they constitute an

unlimited supply of plant material and their ploidy level of

8n provides more protein for assembly into protein

complexes; as undifferentiated cells, they divide actively and

can be easily synchronized. The authors actually developed a

whole TAP platform from the cloning of the genes of

interest to MS analysis of the purified complexes. In this

article the authors used the same TAP cassette as Rohila

et al. described previously [37], but they later developed new

TAP cassettes [45]. They also compared the expression of

some tagged proteins expressed under the control of their

own promoter or the CaMV 35S promoter and compared the

accumulation of some tagged proteins and the correspond-

ing endogenous proteins. They always observed a higher

accumulation of the tagged proteins expressed under the

strong CaMV 35S promoter, but they observed different

patterns of accumulation between the endogenous and the

tagged proteins. The authors applied the whole procedure to

six known core cell cycle proteins. They could identify 42

protein–protein molecular associations: 28 were new inter-

actions and 14 already known interactions [44]. This team

recently published another article where this TAP approach

was applied to approximately 100 cell cycle proteins, most of

them belonging to the cell cycle core list [46]. This

impressive work permitted to map the cell cycle interactome

in Arabidopsis, providing new insights into the cell division

mechanisms in plants.

The TAP approach proved to be successful in several

cases but publications using this method are still relatively
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rare in plant research compared with other organisms. An

explanation could be the generally low purification yield of

the tagged protein when stable plant transformants are

used. Besides, to maintain fragile protein–protein interac-

tions within the complex, covalent cross-linking between the

bait and its partners can be carried out before or during cell

lysis [37, 47, 48]. It is finally worth mentioning that affinity

purification sometimes fails to isolate target proteins or to

co-purify interaction partners. This problem is often due to

the fact that the tag may interfere with bait folding or affect

the interaction with the partners. However, as can be seen

from the large-scale studies described below, the success

rate of complex purifications is high.

3 Large-scale identification of affinity-
purified complex components using
MS

TAP and MS have been combined for the large-scale

analysis of protein complexes within cells such as Escher-
ichia coli [49], S. cerevisiae [32, 33, 50] or Drosophila melano-
gaster [51]. Medium-scale analysis was also performed in

whole plants and plant cell cultures as described above.

Similarly, single-step affinity purification proved successful

in selecting hundreds of tagged proteins, together with

potential interaction partners in vivo, from E. coli [52], yeast

[53] and human cells [54]. Recent medium-scale studies

using affinity purification methods deciphered in detail the

interaction web around specific classes of proteins. Because

other high-throughput studies were not exhaustive in

mapping the interactions around kinases and phosphatases,

protein complexes formed around these two types of

enzymes were specifically studied to build a densely

connected interaction network in yeast [55]. Hutchins et al.
combined different techniques, among which TAP, to

characterize 100 mitotic protein complexes in human cells,

thus shedding light on the mechanisms implicated in

chromosome segregation [56].

Affinity-purified samples are often separated by SDS-

PAGE from which either the lanes are cut into slices over

the entire separation range [32, 50], or only bands are taken

which are specifically detected in the samples of interest

[49]. Upon protease digestion, protein identification is then

obtained by peptide mass fingerprinting (PMF) using a

MALDI-TOF instrument and/or by LC-MS/MS analysis for

peptide sequence information [32, 33, 50, 52–54]. The

combination of PMF and sequence data allows higher

stringency on protein identification, whereas LC-MS/MS

analyses are particularly useful in analyzing co-migrating

proteins in the same gel slice. As an alternative to, or

associated with the SDS-PAGE-PMF approach, affinity-

purified samples can be digested before proteolytic peptide

mixtures are analyzed by LC-MS/MS [33, 49]. The latter gel-

free strategy is less time consuming and allows higher

peptide recovery. This method is more suitable when

analyzing TAP-purified samples, whose limited complexity

usually allows nearly complete identification of its compo-

nents. Since single-step IPs can provide tens or hundreds of

proteins, direct LC-MS/MS analysis of whole digested

samples precludes reliable identification of bait partners: the

MS instrument duty cycle may not allow fragmenting all

eluted peptides and partner finding may resemble searching

a needle in a haystack. Here, differential (semi-quantitative)

MS analysis appears indispensable to discriminate true bait

interaction partners from background contaminants (see

Section 4).

Large-scale approaches cannot systematically confirm

the interaction by orthogonal assays, such as co-localization,

co-immunopurification or RNA interference assays. To

determine the experimental background, purifications

from mock-transformed control strains are often performed

[32, 52, 54]. In addition, recurrently occurring proteins

are usually excluded as background proteins if they fulfill

the following criteria: (i) the proteins are co-purified

with more than 2.5–5% of the baits; (ii) the proteins

are major structural components (e.g. ribosomal proteins,

histones, tubulins, etc.) [32, 33, 50, 53, 54]. On the

other hand, protein interactions are deemed reliable

when present in multiple biological repeats and/or found

in reciprocal sample purifications targeting different

complex constituents [49, 54]. Besides using such simple

thresholds, statistical models were more recently

designed: Breitkreutz et al. thus compared the number of

peptides identifying a putative bait partner to a probability

distribution to determine its likelihood of being a true

interactor [55].

4 In-depth characterization of affinity-
purified protein complexes

Previous large-scale protein complex analyses distinguished

bait partners from contaminants by empirical arguments.

However, some interaction partners can also be lost, when

detected in numerous affinity-purified samples (e.g. ribo-

somal proteins might be valid interactors) [57]. This problem

can be solved by measuring the relative abundance of all

proteins in a given complex as compared with a control

prepared in parallel. Such measurements require semi-

quantitative MS analysis methods. In addition, previous

experiments provided a static view of the protein complex in

a given cell type under certain conditions (growth, etc).

Knowledge on the dynamics of the modular protein orga-

nization is of high value, allowing us to address the

following questions: what is the spatial and temporal plas-

ticity of each complex? What are the PTMs in the compo-

nents? Are the PTMs correlated with the variable complex

composition? Which interactions are stable and which are

dynamic or transient? What is the stoichiometry of the

partners in the complex? Which of the constitutive proteins

are in physical contact?
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4.1 Dynamics of protein complex composition and

PTMs

Below we provide an overview of procedures to remove

contaminants and monitor the variable composition and

modifications of protein complexes. Several procedures were

designed to allow statistically retrieving the components of a

partially purified complex from the majority of background

proteins. The core idea consists of purifying side by

side two samples, one being obtained from cells expressing

the tagged protein of interest, and the other one from cells

expressing an empty vector. The two samples are then

subjected to semi-quantitative MS analysis for estimating

the relative abundance of all identified proteins. First, the

two samples can be differentially labeled with isotope-

coded reagents, in light (L) or heavy (H) forms, mixed

and finally analyzed by LC-MS/MS in their proteolyzed

form. Contaminants are present in equal amounts in both

samples, then their proteolytic peptides all lead to relative

abundance ratios of theoretical value 1. In contrast, the

bait partners are enriched in the sample of interest, and

their proteolytic peptides yield H/L ratios statistically

appearing as outliers from the main ratio distribution

centered on 1. Variations in complex composition, triggered

by different treatments or cell states, can be similarly

assessed. The original studies describing such strategies

based on semi-quantitative MS used differential ICAT

[58], or SILAC labeling [59]. Numerous reports utilized

such strategies to monitor changes in protein complex

compositions [60–62], whereas the vast majority of studies

purified a tagged version of the protein of interest, Mann et

al. tested a combination of SILAC labeling, RNA inter-

ference, immuno-purification of the endogenous protein

and semi-quantitative MS to identify interaction partners of

baits in mammalian cells [63]. This method allowed to

alleviate the biases introduced by the tag or bait over-

expression.

Differential labeling of affinity-purified samples followed

by semi-quantitative MS analysis renders single-step IP

attractive in the scope of large-scale protein interaction

studies, due to their shorter preparation times and

possibly better preserved weaker interactions. However, the

use of labeling reagents represents a significant financial

investment which encouraged the development of

strategies relying on label-free comparative MS. Considering

the fact that the total number of peptides identifying a

given protein correlates with its abundance in a sample,

Washburn et al. defined and used normalized spectral

abundance factors to determine constituents of a chromatin

remodeling complex and build a probabilistic local interac-

tion network [64]. This approach is feasible if proteins are

repetitively identified at a relatively constant number of

peptides, which requires that the complexity of the analyzed

sample does not overwhelm the duty cycle of the LC-MS

system. An alternative label-free strategy consists of recon-

stituting the MS-detected chromatographic elution peak of

every peptide in the different compared samples: the ratios

of peak areas between sample of interest and control are

averaged over all peptides identifying a given protein, to

yield the relative abundance of that protein. Such an

approach was employed to determine the actual complex

constituents and their variations upon stimulus [65].

Although a priori highly flexible and amenable to large-scale

protein complex analysis, this label-free strategy suffers

from insufficiently robust software (improper extraction of

chromatographic peak areas, for example due to overlapping

isotopic patterns or to non-linear drifts in retention times)

and requires a very careful statistical treatment of semi-

quantitative data.

To characterize protein complexes more deeply, it can be

interesting to distinguish between stably associated and

dynamically exchanged protein constituents. An astute

strategy to address this question was recently described

[66–68]. Protein samples are affinity purified from control

cells and cells expressing the tagged bait that were differ-

entially SILAC labeled. Affinity selection is performed either

before or after pooling of the cell extracts. Proteins whose

abundance changes between both protocols appear to be

dynamically exchanged bait interactors. A refined descrip-

tion of the transcription complexes containing TBPs showed

that one partner was exchanged during affinity purification,

except during cell mitosis [68].

Finally, because biologically significant interactions are

dynamic and regulated by covalent modifications, analytical

workflows were developed to enhance detection of post-

translationally modified regions of complex constituents,

among which phosphorylated sequences have received more

attention [59, 69, 70]. To enhance the detection of phos-

phorylated sequences within digested complexes, immobi-

lized metal affinity chromatography (IMAC) and strong

cation exchange (SCX) fractionation are frequently used.

Thus, Smolka et al. could identify and quantify both

dynamic protein associations and phosphorylations follow-

ing DNA damage [71]. TiO2 enrichment of phospho-

peptides was more recently introduced as a powerful

alternative and was for example utilized to study the cell-

cycle dependency of TBP-containing complexes and

their phosphorylations [72]. Beside protein phosphoryla-

tion, the impact of other PTMs on protein complex forma-

tion was specifically probed. Among them, methylation and

acetylation of histone proteins have lately gained increased

attention. Vermeulen et al. thus very recently reported a

detailed interaction screen of the activating and repressive

trimethyl marks on histones H3 and H4 [73]. A more

complete picture of protein complexes would finally be

attained if all aspects – determination of changes in complex

constituents upon stimulation and identification of static/

variable PTMs of all types – could be analyzed. Links to

pathways might thus be highlighted (e.g. connections with

particular kinases, with the proteasome pathway, etc.).

Given the complexity of PTMs, this remains, however, a

challenge.
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4.2 Stoichiometry and direct protein–protein

contacts in protein complexes

The vast majority of studies aiming to characterize protein

complexes remained elusive as to which partners are in

direct physical contact or which stoichiometry exists in the

protein complex. The identity of proteins in direct interac-

tion within a complex and their binding interfaces can be

probed using cross-linking agents. A variety of chemical

reagents targeting different protein functions have been

designed and successfully used to get insights into the three-

dimensional structure of particular protein complexes [74].

However, only very few attempts were made to test cross-

linking on large data sets: the challenge resides in great part

in the fact that cross-linked species are of low stoichiometry

relative to unmodified peptides. Rinner et al. developed a

strategy that allows the identification of cross-linked

peptides from total cell lysates [75]. The main features of the

procedure consist of the use of isotopically coded cross-

linking agents, to more efficiently point to peptides bearing

this tag, and a specifically designed search engine xQuest.

Alternatively, a procedure using newly designed cross-

linkers, whose structure contains specific MS-cleavable

bonds, a mass-encoded reporter group and an affinity tag,

was applied to a non-targeted analysis of Shewanella onei-
densis [76]. These recent procedures may open the way to a

more systematic study of direct protein–protein interactions

in partially purified complexes containing hundreds of

different proteins.

The stoichiometry of protein complexes is an additional

sparsely addressed question. A few procedures have been

used to determine the absolute abundance of some specific

proteins: they rely on the use of heavy-isotope-coded

peptides [77, 78], a concatenated protein made up of tryptic

peptides of the target proteins [79, 80] or heavy-labeled full-

length proteins of interest [81, 82]. These strategies require,

for each targeted protein, to synthesize isotope-coded

sequences and/or determining a few proteotypic peptides

providing its specific identification. They thus appear hardly

applicable to large-scale studies of complexes. In contrast, a

promising strategy toward this goal was recently described:

complex affinity purification is performed while decorating

the bait with a tag containing a tryptic peptide sequence; a

heavy form of that peptide is introduced after sample

isolation from the cell extract [83]. After measuring the

absolute amount of an affinity-purified bait protein, the

MS signals detected for its proteolytic peptides can be

used as a calibration curve to deduce its amount as prey in

other affinity-purified samples. This elegant strategy

requires targeting several members of the same complex as

bait; this constraint was already reached in large-scale

studies [32]. Holzmann et al. described an alternative cost-

effective strategy that utilizes synthesized peptides corre-

sponding to the association of a constant non-naturally

occurring tryptic sequence (equalizer peptide) and tryptic

sequences from the complex constituents. After digestion,

the equalizer peptide enables mixing all standard peptides

in equimolar ratios. Finally, differential labeling of this

reference mixture and of the digested protein complex of

interest with mTRAQ reagents allows determining complex

stoichiometry [84].

4.3 Analysis of intact complexes by MS

We chose to focus in this review on strategies of protein

complex characterization, which rely on the classical proteo-

mic analysis of the samples of interest in a proteolyzed form.

However, it is worth mentioning that the aspects described

above of dynamic protein complex composition, complex

stoichiometry and direct protein–protein contacts were

elegantly and very successfully addressed by the MS analysis

of whole intact protein complexes, as extensively reviewed in

[11]. Various protein complexes, of high purity and composed

of proteins of known identity, could thus be characterized.

Such MS analyses allowed determining the stoichiometry of

multi-protein complexes made up of identical subunits and

highlighting the polydisperse nature of complexes. The

dynamic interactions, the exchange of subunits and the

assembly process of protein complexes could be monitored in

real-time during MS analysis. The dissociation patterns

observed in MS/MS spectra inform on the subunit stoichio-

metry. However, when performing MS/MS of the whole

complex under study, only peripheral subunits are released.

To get further insights into the interactions between subunits,

chemical cross-linking or the partial disruption of complexes

using chaotropic agents to generate various subcomplexes can

be obtained in solution before MS and MS/MS analyses.

Although these approaches require the complex of interest to

be highly purified from biologically non-related proteins, it

could be applied to the analysis of several protein complexes

purified by TAP from S. cerevisiae to establish detailed three-

dimensional interaction maps [85]. Once the constituents of a

protein complex have been identified by the classical proteo-

mic analysis, as described above, a refined knowledge of its

structure (stoichiometry of the partners, direct contacts,

proteins located at the periphery/in the core of the assembly)

may then be obtained from MS analysis of the intact complex.

5 Concluding remarks

Protein complexes are part of almost all the processes

occurring in cells. Their identification and characterization

are hence necessary to fully understand the chemical and

physical reactions that finally constitute cellular dynamics

and homeostasis. In the last two decades, new technical and

instrumental advances permitted huge progress in the study

of protein complexes in model organisms, including plants.

Even if the picture is far from exhaustive, the identification

of proteins and their physiological partners has well

advanced. However, the dynamic characterization of protein
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complexes, their PTM identification, and above all the

structure–function relation of these protein assemblies are

still poorly understood. This is particularly true for organ-

isms like crop plants where much effort is necessary to

answer all these questions.

The authors have declared no conflict of interest.
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