
*Samuel Lunenfeld Research 
Institute, Mount Sinai Hospital, 
600 University Ave, Room 
992A, Toronto, Ontario, 
M5G 1X5, Canada; and 
Department of Medical & 
Molecular Genetics and 
Graduate Department of 
Molecular & Medical Genetics, 
University of Toronto, Toronto, 
Canada. ‡Institute of 
Molecular Systems Biology, 
Swiss Federal Institute of 
Technology, ETH Hönggerberg 
HPT E 78, CH-8093 Zürich, 
Switzerland; and Competence 
Center for Systems Physiology 
and Metabolic Diseases, 
Zurich, Switzerland.
§University Health Network, 
Ontario Cancer Institute and 
McLaughlin Centre for 
Molecular Medicine, 
101 College St, MaRS TMDT 
9-805, Toronto, Ontario, 
M5G 1L7, Canada;and 
Department of Medical 
Biophysics, University of 
Toronto, Toronto, Canada.
¶Institute for Systems Biology, 
1441 N. 34th St, Seattle, 
Washington 98103, USA; 
and Faculty of Science, 
University of Zurich, 
Switzerland.
Correspondence to A.-C.G. 
e-mail: gingras@mshri.on.ca
doi:10.1038/nrm2208

Published online 27 June 2007

Analysis of protein complexes using 
mass spectrometry
Anne-Claude Gingras*, Matthias Gstaiger‡, Brian Raught§ and Ruedi Aebersold‡¶

Abstract | The versatile combination of affinity purification and mass spectrometry (AP–MS) 

has recently been applied to the detailed characterization of many protein complexes and 

large protein-interaction networks. The combination of AP–MS with other techniques, such 

as biochemical fractionation, intact mass measurement and chemical crosslinking, can help 

to decipher the supramolecular organization of protein complexes. AP–MS can also be 

combined with quantitative proteomics approaches to better understand the dynamics of 

protein–complex assembly.

The past decade has seen the complete sequencing of 
several eukaryotic genomes, providing a comprehen-
sive inventory of predicted proteins for many different 
species. However, such protein lists are not sufficient to 
describe biological processes. Vital cellular functions 
such as DNA replication, transcription and mRNA 
translation require the coordinated action of a large 
number of proteins that are assembled into an array of 
multiprotein complexes of distinct composition and 
structure. Similarly, biological processes are orchestrated 
and regulated by dynamic signalling networks of inter-
acting proteins that link chemical or physical stimuli to 
specific effector molecules. The analysis of protein com-
plexes and protein–protein interaction networks — and 
the dynamic behaviour of these networks as a function 
of time and cell state — are therefore of central impor-
tance in biological research. Various large-scale efforts 
have thus attempted to define protein interactomes in 
several organisms, including Saccharomyces cerevisiae1–6, 
Drosophila melanogaster7–9, Caenorhabditis elegans10 and 
Homo sapiens11–13.

Different approaches have been used to character-
ize protein complexes and protein–protein interaction 
networks. The first interactome maps were obtained 
using the yeast two-hybrid system (the yeast two-hybrid 
approach and its strengths and weaknesses are described 
elsewhere14–16). More recently, a combination of affinity 
purification and mass spectrometry (AP–MS) has been 
used to greatly advance our understanding of protein-
complex composition. With the AP–MS method, multi-
protein complexes are isolated directly from cell lysates 
through one or more AP steps. Complex components are 
then identified by MS (FIG. 1). In contrast to yeast two-
hybrid and related methods, AP–MS can be performed 
under near physiological conditions, in the relevant 

organism and cell type. AP–MS does not typically perturb 
relevant post-translational modifications, which are often 
crucial for the organization and/or activity of complexes. 
These post-translational modifications can also be identi-
fied by MS. Another advantage of AP–MS is that it can 
be used to probe dynamic changes in the composition of 
protein complexes, especially when used in combination 
with quantitative proteomics techniques17–22.

Two recent reports2,4 describe high-confidence 
AP–MS data that connect an estimated 60% of the yeast 
proteome, and these studies demonstrate that large-
scale protein-interaction mapping by MS is feasible. 
So, it is timely to reflect on AP–MS approaches and 
to outline some emerging strategies that are designed to 
better exploit this powerful technique. In this review, we 
briefly summarize experimental design for AP–MS, and 
we discuss how AP–MS data can be used to characterize 
the components of protein complexes. We then describe 
how AP–MS can be combined with other strategies 
(such as biochemical fractionation, co-elution profiles 
and chemical crosslinking) to reveal protein-complex 
stoichiometry and structural organization. Last, we 
discuss the use of quantitative proteomics to study the 
dynamics of protein-complex composition.

AP–MS: the technique

Several recent advances have enabled researchers to suc-
cessfully apply AP–MS techniques to high-throughput 
acquisition of interaction data, especially in S. cerevisiae, 
in which epitope-tagged proteins (or baits) can be rou-
tinely generated for many open reading frames (ORFs). 
These advances also include the isolation of protein 
complexes using generic protocols and powerful MS 
methods for the identification and quantification of 
isolated proteins.
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Interactomes
Global networks of interactions 

(protein–protein interactions in 

this article).

Yeast two-hybrid 
A genetic technique that 

detects binary interactions 

between protein pairs.

Flag tag
A short amino-acid sequence 

(usually 8–11 amino acids) 

that is recognized by 

monoclonal antibodies and is 

used to tag proteins for 

detection and purification.

Tandem affinity purification 
(TAP) tag
A recombinant fusion tag 

formed of two moieties, used 

sequentially for protein 

purification. The original 

version consists of the 

immunoglobulin G (IgG)-binding 

portion of Staphylococcus 

aureus protein A (distal tag) 

and the calmodulin-binding 

peptide (proximal tag); these 

tags are separated by a 

tobacco etch virus protease 

cleavage site.

The first step — affinity purification. Generic approaches 
that use affinity-tagged recombinant proteins have 
allowed for parallel sample preparation without the need 
to optimize the purification protocol for each protein com-
plex. Proteins of interest are simply expressed in-frame 
with an epitope tag (at either the N or C terminus), 
which is then used as an affinity handle to purify the 
tagged protein (the bait) along with its interacting 
partners (the prey). Although several different tags or 
tag combinations have been successfully used in many 
low-throughput studies (see REF. 23), high-throughput 
studies have primarily used either the flag tag3,23 or the 
tandem affinity purification (TAP) tag2,4,5 system (BOX 1).

In the flag-tag approach, as used by Ho et al., 
C-terminally flag-tagged proteins were expressed under 
the control of a GAL-inducible promoter and isolated in 
a single step using an anti-flag antibody resin3. Tagging 
10% of the yeast ORFs, the authors were able to connect 
25% of the yeast proteome. In the TAP-tag approach, as 
used by Gavin et al.4,5 and Krogan et al.2, yeast genes for 
the proteins of interest were fused to a C-terminal dual-
epitope tag via homologous recombination, such that 
the proteins were expressed under their own promoters. 
Protein purification was carried out in two steps, first 
via the protein A moiety in the TAP tag (which binds 
immunoglobulin G (IgG)–sepharose), and then via the 
calmodulin-binding peptide (which exhibits high affinity 
to calmodulin–sepharose; BOX 1). Further discussion on 
false positives and false negatives in AP–MS experiments 
can be found in BOX 2.

The second step — mass spectrometry. Two main strate-
gies to ionize peptide ions, electrospray ionization (ESI) 
and matrix-assisted laser desorption/ionization (MALDI), and 
their implementation on several types of tandem mass 

spectrometers24, have allowed for efficient sequencing 
of peptides derived from proteolytic digests of protein 
complexes (an in-depth discussion of MS is beyond the 
scope of this review; we refer the reader to excellent 
recent publications25–29).

MS is currently the method of choice for peptide 
sequencing because it is sensitive; it routinely allows 
for the identification of peptides that are present at 
femtomole levels. MS is also rapid; sequencing of indi-
vidual peptides can be achieved within hundreds of 
milli seconds, and thousands of peptides can therefore 
be identified in a single MS run. Last, MS is compatible 
with high-throughput strategies and is easily automated. 
It also allows for the characterization of peptide modifi-
cations (including naturally occurring post-translational 
modifications, such as phosphorylation, and exo genously 
added modifications, such as chemical crosslinkers). 
MS can also be adapted to quantitatively measure 
peptide abundance and does not require pre-existing 
knowledge of the proteins to be analysed. Advances 
in sample processing and instrumentation have gone 
hand-in-hand with the development of software tools 
that automatically retrieve sequence information from 
acquired mass spectra and provide statistical validation 
of the accuracy of the determined sequences30,31.

Although individual research groups have used dif-
ferent methods for the analysis of protein complexes by 
MS, the basic principles are essentially the same (FIG. 1).

From interactors to complexes

The AP–MS technique only generates a list of proteins 
detected in a given sample, and does not necessarily reveal 
the composition of individual protein complexes. The data 
from a single AP–MS experiment represents an average of 
binding partners and protein complexes. If the bait pro-
tein is a component of multiple alternative complexes, a 
single AP–MS analysis cannot be used to decipher this 
multiplicity of associations. This is an important limita-
tion because proteins can have dramatically different roles 
as components of different types of complexes.

Identifying PP2A-interacting partners. The acquisi-
tion of high-density interaction data sets in which each 
component (or multiple components) of a particular 
complex is affinity tagged and purified can greatly 
assist in deciphering the association of a given protein 
with multiple alternative complexes. For example, 
TAP-tag AP–MS was used to identify the interacting 
partners for the catalytic (C) subunit of the human 
serine/threonine phosphatase PP2A (FIG. 2; A.-C.G., 
B.R. and R.A., unpublished observations). PP2A is an 
important serine/threonine phosphatase in eukaryotes 
and gener ally functions as a trimer in which the C subu-
nit is associated with a regulatory protein (B, B′ or B′′; 
14 genes in humans) through an adaptor (A) mole-
cule32,33. Mutually exclusive interaction of the C subunit 
with a protein known as α4 is also observed34–36. A single 
TAP-tag AP–MS of the PP2A C subunit revealed a large 
list of interactors without shedding light on individual 
protein–protein complexes. However, reciprocal TAP 
analyses of each of the proteins that were identified in 

Figure 1 | General overview of an affinity purification and mass spectrometry 
experiment. a | The protein of interest (often epitope tagged; blue) is purified from a cell 

lysate together with its binding partners (orange and green). Contaminants (red) can also 

be present. b | In an optional step, proteins in the complex can be separated by SDS–PAGE 

(followed by silver or coomassie staining) or by some type of liquid chromatography. 

Although analysis of gel-purified proteins has been used most often so far, gel-free 

approaches allow for a more rapid and generic analysis and are increasingly used. 

c | Proteins are subjected to proteolysis (usually with trypsin). d | Mass spectrometry (MS) 

analysis of peptides. In most cases, this involves peptide separation by reversed-phase 

liquid chromatography followed by two MS events: in the first scan, the mass/charge 

ratio (m/z) of the intact peptide is measured. The most abundant peptides are then 

specifically selected and subjected to fragmentation, yielding a tandem MS (MS/MS) 

spectrum (a simplified MS/MS scan is shown for one of the peptides). e | Database 

searching and statistical software are used to interpret the MS data to yield a list of 

proteins that were present in the initial sample, including the tagged protein, its 

interacting partners and contaminants. 
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Electrospray ionization
(ESI). One of two common 

techniques (see MALDI) used 

in mass spectrometry to ionize 

large, non-volatile molecules 

(such as peptides). ESI charges 

analytes directly from the 

liquid phase and is easily 

coupled with reversed-phase 

high-pressure liquid 

chromatography.

Matrix-assisted laser 
desorption/ionization 
(MALDI). One of two common 

techniques (see ESI) used in 

mass spectrometry to ionize 

large, non-volatile molecules 

(such as peptides). MALDI 

ionizes molecules through laser 

excitation of a matrix in which 

the molecules are embedded.

Graph-clustering algorithm
Protein–protein interactions 

are often represented in a 

graph format, in which 

individual proteins are 

depicted as circles (nodes) and 

the observed associations are 

depicted as lines (edges) that 

link the nodes.

Socio-affinity index
Measure of the propensity of 

proteins to form partnerships. 

This index represents the log 

odds of the number of times 

particular proteins are 

observed together in a tandem 

affinity purification, as 

compared to what would be 

expected for their individual 

frequency of detection in the 

data set.

Tobacco etch virus protease
Specific endopeptidase that 

recognizes the linear epitope 

EXXYXQG/S, in which X is any 

amino acid (although some 

preferences are observed).

the initial experiment recapitulated the known PP2A 
supramolecular architecture. Consistent with all pre-
vious biochemical data, TAP-α4 pulldowns contained 
only the C subunit of PP2A, without adaptor and regu-
latory proteins. On the other hand, the association of 
one regulatory subunit (for example, the B subunit) was 
mutually exclusive to that of another (B′) (A.-C.G. and 
R.A., unpublished observations).

Gavin et al. also generated a high-density map of 
the interactions of the yeast orthologues of PP2A and 
recapitulated the mutually exclusive association of the 
B (Cdc55) and B′ (Rts1) PP2A subunits with the PP2A 
C (Pph21 and Pph22) and A (Tpd3) proteins5. We also 
recently applied this strategy to the organization of the 
PP2A-related phosphatase PP4 and demonstrated that 
the PP4 C subunit assembles into several different alter-
native complexes37. High-density data can thus be used 
to identify mutually exclusive and/or cooperative protein 
assemblies.

High-density data in high-throughput studies. The use 
of high-density data to characterize alternative protein 
complexes can also be extended to large interaction 
networks. Two recent S. cerevisiae AP–MS studies2,4 
have made serious and promising attempts to dissect 
protein complexes from moderately dense interaction 
data. Although the two reports differ in the method-
ologies that were used to extract data and identify 
complexes, both make use of internally generated data 
sets that comprise roughly 2,000 successful TAP-tag 
purifications.

Krogan et al.2 describe the identification of protein 
complexes on the basis of a graph-clustering algorithm that 
identifies highly connected modules in protein–protein 
interaction networks. The method was applied to the 
interaction data after the removal of common contam-
inants, and values for the clustering parameters were 
selected to optimize overlap with hand-curated protein 
complexes (available from Munich Information Center 
for Protein Sciences (MIPS)). This method identified 
547 distinct heteromeric protein complexes, about half 
of which were novel2. However, although this method 
excels at identifying interacting partners, it does not nec-
essarily separate complexes that contain shared subunits 
into different entities, but instead often groups them into 
a single larger complex. As such, it is difficult to directly 
compare the ‘complexes’ identified in this approach to 
bona fide biochemically stable protein assemblies. For 
example, although four separate yeast proteins (Tif4631, 
Tif4632, Caf20 and Eap1) share a common binding 
site for the translation-initiation factor eIF4E (Cdc33) 
(REF. 38)) — such that only one of these proteins can inter-
act with eIF4E at any given time — these four proteins 
were reported as part of a single ‘complex’.

Gavin et al. analysed the propensity of proteins 
to associate directly from raw data (without removal 
of contaminants), computing a composite index (the 
socio-affinity index) that represents the frequency with 
which two proteins were observed together as compared 
to their respective frequency of identification in the 
data set. In an attempt to capture the association of a 
given protein into multiple alternative assemblies, they 

Box 1 | Affinity-purification strategies used in high-throughput studies

Although a number of affinity tags and tag combinations have been used in low-throughput studies, recent high-
throughput studies in yeast have primarily used two tagging systems: a single flag epitope (8–11 amino acids) or the 
tandem affinity purification (TAP) system, which adds a >20-kDa tag. Both purification approaches have advantages and 
disadvantages, and the appropriate technique should be selected depending on the goals of the experiment. For example, 
the single-step flag purification can preserve weaker or more transient protein–protein interactions. By contrast, despite the 
lengthier purification procedure, the two purification steps of TAP dramatically decrease background levels (that is, 
proteins that bind non-specifically to the solid phase support or epitope tag), and thereby increases confidence in the 
interactions.

During flag purification, the protein of interest is expressed with a flag epitope and is purified on anti-flag sepharose 
(panel a). Elution is effected by the addition of a large molar excess of the competing flag peptide. In the original TAP tag, 
the protein of interest is expressed in-frame with a dual affinity moiety (panel b). The proximal tag (calmodulin-binding 
peptide (CBP)) is separated from the distal tag (protein A) by a protease cleavage site (specifically recognized by the 
tobacco etch virus protease (TEV)). During TAP purification (panel c), protein A is first immobilized on immunoglobulin G 
(IgG)–sepharose (c1). The tag is then cleaved with TEV (c2) and the protein of interest, now fused only to the CBP, is next 
immobilized on calmodulin–sepharose in the presence of calcium (c3). Calcium chelation (with EGTA) releases the 
recombinant protein, along with its interacting partners (c4).
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performed matrix clustering to generate an initial list of 
complexes. After subtracting a penalty from the origi-
nal values, clustering was repeated with the assumption 
that tight associations would not be drastically affected 
by the penalty, whereas weaker associations would be 
gradually lost and could be replaced by interactions not 
initially detected. After varying clustering parameters 
(including the number of iterations and the penalty 
value) and comparing the resulting hits to a manually 
curated group of known complexes, the best parameters 
were chosen, yielding 491 protein complexes, of which 
about half were previously unknown4.

An important difference from the Krogan et al. 
approach is that Gavin et al. identified ‘complex iso-
forms’ by comparing these 491 protein complexes to 
similar complexes detected (albeit with slightly poorer 

accuracy or coverage) from clustering with different 
parameters. Inclusion of ‘complex isoforms’ increased 
the coverage of components of known complexes, 
but also allowed the authors to partition proteins in 
complexes into two types: core components, which are 
present in most complexes, and attachments, which 
are present in only some. In addition, the authors 
also defined protein ‘modules’, in which two or more 
proteins are always found together, and these modules 
can be found with various other partners in multiple 
complexes. By doing so, Gavin et al. could in theory 
resolve the issue of a protein belonging to two com-
plexes, as well as distinguish between essential and 
accessory components of a protein assembly. Although 
this approach was successful for the PP2A module, for 
which the density of information was sufficient, it was 

Figure 2 | High-density data acquisition to elucidate complex composition. a | Three different biochemically 

defined complexes that contain the catalytic (C) subunit of the serine/threonine phosphatase PP2A (note that this is 

not an exhaustive list). b | Results from an affinity purification and mass spectrometry (AP–MS) analysis of the tandem 

AP (TAP)-tagged PP2A C subunit. These data represent an average of all PP2A-containing complexes; the composition 

of each of the different PP2A-containing complexes cannot be resolved. c | After tagging each component and 

repeating the purification procedure, the AP–MS data reveal several distinct PP2A-containing complexes, as depicted 

in a (indicated by the arrows).

Box 2 | False positives and false negatives in affinity purification and mass spectrometry data

False positives 
Dealing with background. Different types of contaminants are present in typical affinity purified protein samples. 
Common contaminants include abundant proteins (for example, actin, tubulin and ribosomal proteins), proteins that 
bind to unfolded polypeptides (heat-shock proteins) and proteins that interact with affinity matrices (for example, 
STK38, arginine N-methyltransferase-5 and 52-kDa Ro protein in flag immunoprecipitates from human cells90). Careful 
experimental design and inclusion of proper controls allows users to discriminate between contaminants and bona fide 

interactors. It is important to express proteins at near physiological levels, as overexpression (for example, transient 
transfections using strong promoters) will probably result in the association of the bait protein with chaperones and 
can lead to improper intracellular localization. A dual-purification strategy (for example, tandem affinity purification 
(TAP)) helps to avoid isolation of proteins with affinity for the distal tag or the matrix. Including more controls — for 
example, control proteins expressed at similar levels with the same tag — can also help to identify true interactors. In 
this respect, high-throughput studies have an advantage over low-throughput studies: a contaminant protein is often 
isolated with many unrelated bait proteins, a result that is easily recognized through analysis of the high-throughput 
data. Combining high-throughput data sets as well as the use of noise filtering techniques promise to yield higher 
confidence interactors.

False negatives 
Where did the interactors go? It is clear that high-throughput data sets (for example, those from the two recent TAP 
studies in yeast2,4) lack many previously documented protein–protein interactions. There are many reasons why a known 
interactor might not be identified in a given affinity purification and mass spectrometry (AP–MS) experiment. The 
proteins might not have interacted under the tested conditions (high-throughput data are typically generated under a 
single growth condition). The nature and location of the tag might have disrupted interactions, or the conditions of the 
AP might have been too harsh to preserve the interaction. However, the absence of detection is often due to a problem 
with the relative abundances of the proteins in the AP sample. This typically occurs if the bait is in large molar excess 
over its interacting partners (a problem that is exacerbated when the bait is overexpressed) or if the prey is in much 
lower abundance (that is, low stoichiometry) than other components of the sample. AP–MS thus tends to capture more 
stable, and fairly abundant, interactors in contrast to other approaches such as immunoprecipitation–western blot or 
yeast  two-hybrid assays.
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Gel filtration
A chromatographic method 

(also called size-exclusion 

chromatography) that 

separates proteins or protein 

complexes on the basis of their 

size (or hydrodynamic volume).

Density gradients
Centrifugation-based 

separation technique that 

often uses sucrose or glycerol 

density gradients to separate 

components on the basis of 

their density. It is applicable to 

protein complexes, organelles 

and intact cells.

Selective precipitation
Common enrichment 

procedure (also known as 

salting out) that most often 

uses increasing concentrations 

of ammonium sulphate to alter 

the solubility of proteins and 

cause their precipitation. It is 

usually used in the early steps 

of a biochemical fractionation 

protocol.

Ion-exchange 
chromatography
A frequently used separation 

technique for peptides, 

proteins and protein 

complexes that exploits the 

charge properties of the 

molecules to be fractionated.

not successful for all complexes; for instance, both of the 
eIF4G isoforms (Tif4631 and Tif4632) were assigned to 
the same core complex with eIF4E, even though these 
associations are mutually exclusive.

It is to be expected that as these large data sets are 
combined and re-analysed (and as new data become 
available), the density of the data will increase and the 
sensitivity and accuracy of complex determination will 
improve. Collins et al. recently combined the Gavin 
and Krogan data sets and applied a new probabilistic 
method to filter out false positives in each of the data 
sets39. They found 9,074 high confidence interactions 
among 1,622 individual proteins, with an apparent error 
rate similar to the low-throughput data from MIPS. The 
Collins et al. scoring function has three components: 
direct evidence for an interaction following recovery of 
protein Y when protein X is a bait; indirect evidence 
of co-association, as was used by Gavin et al.; and 
evidence of non-association, when protein Y does not 
come down when protein X is used as bait. Combining 
the high-throughput data with this improved scoring 
function should help resolve protein complexes; how-
ever, this is easier said than done, and some mutually 
exclusive interactions (for example, those of Tif4631 
and Tif4632 with eIF4E) still remain annotated as part 
of the same complex in the data set. In spite of these 
limitations, these studies have significantly improved 
our understanding of protein–protein interactions.

AP–MS and biochemical fractionation

As discussed above, the structure of multiprotein com-
plexes can only be revealed indirectly through high-density 
AP–MS approaches. However, as described below, ana-
lysing the composition of an intact protein complex with 
defined biochemical properties can be used to directly 
reveal the composition of a given complex.

Biochemical fractionation in protein-complex analysis. 
Size fractionation (via gel filtration or density gradient), 
selective precipitation and ion-exchange chromatography 
have been used widely for the separation and enrich-
ment of protein complexes40. AP of at least one of the 
sample components, using for example an inhibitor or a 
ligand, has also frequently been included in biochemical 
purification schemes to significantly increase enrichment 
factors. Depending on the nature of the particular protein 
complex, a combination of these separation methods can 
yield pure preparations. The composition of the semi-
purified or enriched complex can then be determined by 
MS41–44. For example, Moyer et al.43 purified a high molec-
ular mass complex that contains the D. melanogaster 
DNA-replication protein CDC45 by performing serial 
chromatography steps, including gel filtration (Superdex), 
ion exchange (DEAE sepharose, Mono S and Mono Q) 
and affinity chromatography (heparin and anti-CDC45). 
The presence of CDC45 in each fraction was monitored 
by immunoblotting. Silver staining revealed 10 CDC45 
interactors, which were identified by MS and immuno-
blotting to be components of the minichromosome 
maintenance-2 (MCM2)–7 and GINS complexes.

Although fractionation approaches have been used 
successfully for the characterization of the composition 
of numerous biologically relevant protein assemblies, 
they are not generic and must be tailored to a particular 
complex of interest. This limitation prevents their appli-
cation to genome-wide studies. However, combining one 
or more of such biochemical fractionation techniques 
with a generic AP protocol (such as an epitope tag) can 
provide a surrogate for a complete biochemical isolation 
of a protein complex. For example, a combination of 
TAP or flag purification with standard gel filtration or 
ion exchange has allowed for a better characterization 
of several nuclear complexes45–47; this type of approach 
should be scalable to high-throughput projects. Emerging 
techniques such as free-flow electrophoresis (FFE)48 and 
blue native gel electrophoresis49–51 also offer great promise 
for the purification of intact multiprotein assemblies. 
In particular, blue native gels have been increasingly used 
to isolate protein complexes (including complexes from 
membranes51–53), and could easily be incorporated into 
an AP–MS strategy.

Guilt by association. Another strategy for the analysis 
of large multiprotein assemblies (or organelles) is to 
monitor co-fractionation profiles using quantitative MS 
and then to compare the acquired profiles with those of 
known components of the protein complex or organelle 
of interest. This can be accomplished by monitoring the 
number and intensity of the peptide signals for each 
detected protein across adjacent fractions (for example, 
throughout a sucrose or glycerol gradient). Using such an 
approach, Mann and colleagues identified novel compo-
nents of the centrosome54 and have recently extended this 
approach to the description of components of multiple 
organelles from mouse liver55.

A related strategy for the identification of organellar 
components combines classical biochemical fractiona-
tion and affinity enrichment with stable-isotope-based 

Box 3 | Crosslinkers in proteomics

Chemical crosslinkers possess at least two reactive moieties, directed towards one of 
several different types of functional groups (typically amines, sulphhydrides or 
carboxyls). When bifunctional crosslinkers are incubated with a protein complex, 
several types of reactions can occur (see figure): the two reactive groups of the 
crosslinker can each interact with a different component of the complex 
(intermolecular interaction); the reactive groups can effect an intramolecular 
interaction with only one of the proteins; or only one of the reactive groups can 
interact with a protein, generating a monolink or a dead-end (the other end of the 
crosslinker is hydrolyzed). Identifying the type of link is crucial for obtaining structural 
information. Strategies for characterizing the architecture of protein complexes are 
generally aimed at identifying intermolecular interactions, although intramolecular 
interactions can provide information regarding how individual proteins fold in the 
complex, and monolinks can identify solvent-exposed amino acids.
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Free flow electrophoresis 
(FFE). Separation procedure 

that fractionates the sample 

(ranging in size from small 

molecules, including peptides, 

to objects of cellular 

dimension) on the basis of the 

isoelectric point (or 

electrophoretic mobility). FFE 

operates continuously in the 

absence of a solid support.

Blue native gel 
electrophoresis
A native gel-based approach 

that efficiently separates 

protein complexes. It can be 

used alone or in combination 

with a denaturing second 

dimension. 

Spacer arm length
Spacer arm length refers to the 

distance between two reactive 

groups in a bifunctional 

crosslinker. The spacer arm 

length defines the maximal 

distance between the two 

crosslinked moieties.

quantitative proteomics (described in more detail 
below56). The use of stable isotopes allows for the meas-
urement of enrichment ratios, which define the like lihood 
of a protein being in a particular complex or organelle. 
In addition to identifying new components of previously 
known complexes or organelles, groups of co-eluting 
proteins can identify novel organelles or protein complexes 
when no known component is available (for example, when 
the generated profiles are subjected to unsupervised 
clustering).

Crosslinking of protein complexes

Stabilization of interactions with crosslinkers. A problem 
that is encountered during the isolation of intact native 
protein complexes from cells or tissue is that only protein–
protein interactions that are resistant to the lysis and 
purification conditions will survive to be detected by 
MS. Several different strategies have thus been devised 
to freeze transient or labile protein interactions by using 
chemical crosslinking reagents (BOX 3). Crosslinkers 
possess at least two reactive groups that form covalent 
bonds with target molecules. These reactive groups are 
separated by a spacer arm of a defined length (usually in 
the range of 5–15 Å) that determines the maximal dis-
tance between two molecules. This confers some degree 
of specificity to the crosslinking process: molecules in 
close proximity are more likely to be crosslinked than 
distant species. However, protein–protein crosslinking 
techniques present multiple experimental and analytical 

challenges. The choice of crosslinker is crucial, as crosslink-
ers vary in cell-permeability, reactivity and spacer arm 

length. Crosslinking reaction conditions must also be 
closely monitored, such that bona fide protein–protein 
interactions are stabilized and undesired crosslinks 
(to contaminating proteins) are minimized.

Although many chemical crosslinkers can be used to 
stabilize complexes in theory, only a few have been suc-
cessfully used for in vivo crosslinking followed by MS 
analysis. Formaldehyde and di-thiobis-succinimidyl-
propionate (DSP; an amine-reactive, homobifunctional, 
thiol-cleavable and membrane-permeable crosslinker) 
have been used most often to identify novel interacting 
partners57–60. Crosslinkers are also particularly attrac-
tive for revealing interactions that involve membrane 
proteins (or microsomes), as the detergent concentra-
tions used to solubilize the membranes and extract the 
proteins typically also disrupt protein–protein inter-
actions61. Mild formaldehyde crosslinking has also been 
performed in animals and has allowed for the stringent 
immunopurification of an intact γ-secretase complex as 
well as the identification of protein interactors for the 
cellular prion protein PrPc (REF. 62). A combination of 
techniques integrating a modified TAP strategy, in vivo 
crosslinking with formaldehyde and an isotope-labelling 
strategy (BOX 4; FIG. 3) was used to identify novel protea-
some interactors63,64. Improved variations of combined 
crosslinking, quantitative proteomics and AP–MS 
approaches will probably continue to be developed.

Crosslinkers and structural studies. Several new strate-
gies have also been developed to measure distance con-
straints through intra- and intermolecular crosslinking 
data (reviewed in REF. 65). As a low-resolution approach, 
crosslinking–MS is rapid, requires little material and 
allows structural analysis of complexes that are isolated 
under native conditions. A main challenge to the appli-
cation of crosslinkers to structural determination is the 
identification of those pairs of peptides that are specifi-
cally crosslinked. This issue has recently been addressed 
by ingenious experimental designs and novel data analysis 
solutions. For example, several groups have devised 
approaches that use isotope-labelled crosslinkers66–68. 
The mass of a pair of peptides crosslinked with a heavy-
isotope-labelled crosslinking reagent is larger than that 
of the same peptides crosslinked with the corresponding 
light-isotope-labelled compound. Peptides modified 
by light- and heavy-isotope-coded crosslinkers appear as 
doublets in mass spectra, whereas unmodified peptides 
appear as singlets; this difference facilitates the selection 
of the crosslinked peptides for further analysis.

Seebacher et al. introduced an additional step to 
distinguish monolinks from crosslinks68. The protein 
sample is prepared in a mixture of heavy and light water. 
The non-reacted end of a monolink (BOX 3) is hydrolyzed 
and incorporates 18O/16O from the solvent, resulting in 
a splitting of the peaks68, and differentiating them from 
intra- or intermolecularly crosslinked peptides. This type 
of approach can be combined with data-analysis strate-
gies to identify the crosslinked pairs and can establish 
distance constraints for structural modelling.

Box 4 | Stable isotopes and quantitative proteomics

‘Heavy’ stable isotopes (such as 2H, 13C, 15N and 18O) are frequently used in quantitative 
proteomics approaches. Because these molecules are chemically equivalent to the more 
abundant, naturally occurring, ‘light’ isotopes, they behave identically throughout 
biochemical fractionation procedures, yet differ in mass — a property that can be 
measured in the mass spectrometer. Stable isotopes can thus be used to determine 
relative amounts of proteins in different samples, either to monitor dynamic changes in 
protein levels or to filter out contaminants. (For methods allowing the incorporation of 
stable isotopes into peptides, see FIGS 3,4.)

Isotope-labelled peptides are separated by reversed-phase liquid chromatography. 
Chemically equivalent peptides labelled with different isotopes co-fractionate. 
Differentially labelled, but chemically equivalent, peptides thus enter the mass 
spectrometer simultaneously and are subjected to an intact mass measurement: at this 
step, the instrument measures the mass/charge (m/z) ratio and intensity of both peptide 
species. Multiple mass and intensity measurements are taken over time to generate 
two ion chromatograms, which represent the intensity of each peptide over time. 
The difference in the areas under the curves in these chromatograms is used to 
determine a relative abundance ratio between the different molecular species (see 
figure, the light peptide in blue is more abundant than the heavy peptide in red). 
Peptides are also subsequently fragmented in a tandem mass spectrometry (MS/MS) 
event to identify the quantified species (only the selection/fragmentation of one of the 
peptides is shown). The use of isotope-labelled peptide standards of known 
concentration allows for absolute quantification. LC, liquid chromatography.
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A new generation of crosslinkers, referred to as 
protein-interaction reporters (PIR), contain two labile 
bonds in the spacer domain. These bonds are broken by 
low-energy MS2 to yield a reporter ion, which facilitates 
the identification of spectra from crosslinked peptides; 
spectra that contain non-crosslinked peptides do not 
contain the reporter ion. Another advantage of the PIR 
approach is that the two crosslinked peptides are released 
following the cleavage of the labile crosslinker and can 
be easily identified using standard database-search algo-
rithms69. Future use of such reagents holds great promise 
for obtaining structural information of proteins in a 
complex.

Complex stoichiometry

Another issue which has not yet been addressed in 
high-throughput studies concerns the stoichiometry of 
complex components — this is important inform ation 
for understanding the structural organization of a pro-
tein assembly. In recent years, mass spectrometers have 
been modified for the analysis of protein assemblies in 
the MDa range, and conditions have been developed to 
maintain intact protein complexes in the gas phase70. 
Measurement of the intact mass of a protein complex, 
as well as the exact masses of each of its components, 
can thus be used to determine the stoichiometry of 
each component. This strategy was used to decipher the 
heptameric nature of the stalk complex dissociated from 

bacterial ribosomes71 as well as interactions in compli-
cated multiprotein structures, such as the proteasome 
19S lid72 and the yeast exosome73. Importantly, such 
an approach is compatible with AP by TAP tagging73. 
Because this approach is compatible with many purifica-
tion strategies and because the parameters of operation 
of the mass spectrometer can be manipulated to partially 
disrupt the protein complex, this technique also has 
the potential to shed light on subcomplexes or weakly 
associated binding partners (reviewed in REF. 74).

Another promising strategy to determine protein 
stoichiometry in a complex is to combine complex 
iso lation with isotope-based absolute quantitative pro-
teomics (BOX 4). If all of the components of a complex 
are known, synthetic tryptic peptides can be generated 
to monitor the abundance of each of the proteins in the 
complex. These peptides can be synthesized with heavy 
isotopes and then mixed with an unlabelled sample (as 
in the AQUA approach75 or the QCAT strategy76) or 
labelled in parallel to the samples (for example by reac-
tion with isobaric tags for relative and absolute quantification 
(iTRAQ)77 or other amino-reactive reagents). This 
approach was successfully used to confirm the 1:1:1 stoi-
chiometry of the human spliceosomal U1 small nuclear 
ribonucleoprotein78. It should be noted that this method 
is dependent on the isolation of a single homogeneous 
complex, which can be difficult to achieve using common 
isolation methods.

Complex dynamics

Most of the high-throughput AP–MS data generated 
so far represent a static view of protein complexes. 
Owing to the dynamically changing composition of 
many complexes — particularly those involved in cell 
signalling — it has been crucial to develop strategies to 
capture regulated interactions. Quantitative proteomics 
approaches are ideally suited for this task. One effective 
way to generate quantitative information is to incor-
porate stable isotopes into peptides. This is typically 
accomplished through metabolic labelling, in which 
isotopically ‘heavy’ compounds replace the natural ‘light’ 
isotopes in growth medium or through the addition of 
an isotopic label after lysis (and often after purification) 
using chemical or enzymatic reactions79,80 (FIG. 3).

Metabolic labelling with SILAC. In the stable-isotope 

labelling with amino acids in cell culture (SILAC) proce-
dure81, cells are grown in culture for several generations 
in the presence of an isotopically heavy amino acid, 
thereby replacing essentially all of the naturally occur-
ring light amino acid. Peptides derived from labelled cells 
behave identically to the corresponding peptide from 
unlabelled cells throughout any biochemical enrichment 
or purification steps. However, the difference in mass 
between the light and heavy peptides can be measured 
in the survey scan of the mass spectrometer. The rela-
tive intensities of the MS peaks are proportional to the 
abundance of the peptides in the two samples. SILAC 
has been successfully used in several recent studies 
(see REFS 17,18,81–83), including for the profiling of 
the dynamic association of proteins isolated via an 

Figure 3 | Incorporation of stable isotopes into proteins. a | Metabolic labelling. 

In the stable-isotope labelling with amino acids in cell culture (SILAC) technique, one 

population of cells is maintained for several generations in growth media in which one 

or more naturally occurring ‘light’ amino acids have been replaced by their isotopically 

‘heavy’ (usually containing 13C or 15N) counterparts. Heavy- and light-labelled samples 

are combined, and the proteins of interest are isolated using standard biochemical 

procedures. Protein mixtures are proteolyzed and subjected to mass spectrometry (MS). 

b | Chemical labelling. Chemical labelling is used after isolation, and often following 

proteolysis, of proteins of interest. Chemical labelling can therefore be used when 

SILAC-type labelling is difficult or impossible (for example, in human tissue biopsies). 

Chemically labelled peptides can be combined and then analysed by MS (often following 

an optional purification step).
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anti-phosphotyrosine resin following stimulation with 
growth factors, such as epidermal growth factor (EGF) or 
platelet-derived growth factor (PDGF), in mesenchymal 
stem cells17.

Chemical labelling with ICAT reagents. Quantitative 
approaches based on isotopic labelling of proteins (or 
peptides) after lysis using chemical reactions can also 
be used for detecting changes in complex composition. 
Chemical labelling approaches are complementary to 
SILAC and are particularly useful for measuring dynamic 
changes in complexes isolated from tissues or organisms 
that cannot be metabolically labelled. Isotope-coded 

affinity tags84 (ICAT) are typical of this type of approach 
and are comprised of an affinity handle (often biotin), 
an isotopic linker (often cleavable) and a protein reactive 
group (for example, a thiol- or amine-reactive group). 
ICAT reagents have been used in many quantitative pro-
teomics studies (reviewed in REFS 79,85). For example, 
the ICAT approach uncovered a novel tenth subunit 

of the TFIIH transcription complex; mutation of this 
subunit is responsible for the DNA-repair syndrome 

trichothiodystrophy group A20,86. ICAT has also been applied 
to the study of dynamically regulated associations, for 
example to determine changes in transcription-factor 
complexes during erythroid-cell differentiation22. In addi-
tion to the original ICAT reagents, various different types 
of chemical isotope-labelling reagents, targeting various 
different reactive groups, have now been developed.

Multiplex isobaric tags. A newer generation of labelling 
reagent, iTRAQ77, is particularly well suited for resolving 
complex dynamics because it allows multiplexed quan-
titative analysis of four different samples (FIG. 4). iTRAQ 
reagents are amine reactive and are therefore covalently 
linked to the N terminus of every peptide (as well as to 
the ε-amine of lysine residues). In contrast to SILAC and 
ICAT labelling, in which the heavy and light labels alter 
the parent peptide masses, iTRAQ reagents are isobaric 
and are therefore not quantified in the survey scan. 
Instead, iTRAQ reagents fragment during the tandem 
MS (MS/MS) step, yielding a single low-mass reporter 
ion (at 114, 115, 116 or 117 Da for the four-plexed reagent 
set). Intensities of each of the reporter ions are used to 
calculate the relative abundance of each of the peptides 
in the samples. The remaining peaks in the MS/MS spec-
trum are used for sequence identification. So, a single 
MS/MS spectrum can yield both quantitative inform-
ation and can identify a peptide. Temporal profiles can 
be reconstructed from the purification of complexes at 
different time points following a specific treatment and 
the labelling of the derived peptides with a single iTRAQ 
reagent. iTRAQ technology has been used to analyse 
dynamically regulated tyrosine phosphorylation87 and to 
characterize the carbon-source dependency of the Snf1 
kinase complex in Candida albicans88.

Which method to choose? We have highlighted only a 
subset of the quantitative proteomics techniques cur-
rently available; each of the techniques has strengths 
and limitations, and the choice of the proper technique 
depends on the question being asked. The first choice to 
be made concerns the use of metabolic versus chemical 
labelling. SILAC can be used only with cells grown in 
culture for several generations, but has the advantage 
of introducing the isotopic label before purification, 
thereby reducing errors due to sample handling. 
Chemical labelling (ICAT and iTRAQ) is not as limited 
in applicability, but the efficiency of the labelling reaction 
can be problematic in some cases.

A second decision point regards the use of standard 
isotopic versus isobaric labelling reagents: combining 
SILAC or ICAT samples prior to MS analysis results in 
an increase in sample complexity (proportional to the 
number of isotopic variants used), a problem that does 
not occur in iTRAQ experiments. However, whereas 
iTRAQ quantification is extremely powerful for direct 
comparison of up to four samples in a single experi-
ment, comparison across different experiments requires 
that the peptide of interest be fragmented in each data 
set. The same is not the case in SILAC- or ICAT-based 

Figure 4 | Isobaric tags to elucidate complex formation dynamics. a | Desired 

treatment of cells is followed by isolation of protein complexes and proteolysis. Isobaric 

tags (iTRAQ) are chemically added to the N terminus of every peptide (as well as to 

lysine ε-amine groups). Samples from multiple treatment time points are combined and 

subjected to analysis. b | A peptide labelled with the iTRAQ 114 and iTRAQ 117 

reagents. iTRAQ is isobaric, such that addition of the 114-Da or 117-Da mass tags alter 

the mass of a given peptide by the same amount. To maintain a constant mass, the 

reporter moiety (for example, of mass 114) is separated from the peptide by a balancer 

group. The reporter and balancer groups fragment in the collision cell of the mass 

spectrometer during the tandem mass spectrometry (MS/MS) event, and the intensity 

of the reporter ions is monitored. c | Analysis of an iTRAQ experiment. MS/MS analysis 

of a labelled peptide generates a fragmentation spectrum that yields the sequence of 

the peptide. The iTRAQ reagent is fragmented in the same step and reporter ions are 

quantified by magnifying the low mass range (114–117) area. In the example shown, 

protein B associates with protein A (the bait) after 30 and 60 minutes of stimulation, 

but not after 120 minutes of treatment. m/z, mass/charge ratio.

R E V I E W S

652 | AUGUST 2007 | VOLUME 8  www.nature.com/reviews/molcellbio

© 2007 Nature Publishing Group 

 



experiments, in which quantification at the MS level 
can be obtained even if the peptide was not selected for 
fragmentation.

Although isotopic labelling approaches have clearly 
been at the forefront of the quantitative proteomics field, 
label-free approaches are also being developed, and these 
might change the way researchers perform quantitative 
experiments. These represent a promising alternative in 
situations in which metabolic labelling is not feasible, 
and changes in protein-complex components must be 
measured with high sensitivity. For example, Rinner 
et al.89 recently applied a label-free strategy on the basis 
of the computational alignment of MS spectra across 
different samples (MasterMap) to capture insulin-
mediated changes in the formation of human FOXO3A 
complexes.

Conclusions

We have presented the general principles of the AP–MS 
approach and have highlighted some recent successes 
in deciphering the composition of protein complexes. 
Although AP–MS was traditionally considered a 
low-throughput method, ground-breaking studies 
in S.  cerevisiae have demonstrated the power of this 
approach in high-throughput interactome studies. One 
crucial issue regarding the interpretation of AP–MS 
data is that a single protein can be present in multiple 

distinct complexes. Purification of a single protein can thus 
result in a mixture of different unique protein–protein 
assemblies. We have discussed methods to character-
ize individual protein complexes by AP–MS either 
indirectly, through high-density data acquisition, 
or directly, through the coupling of AP–MS with 
biochemical fractionation.

AP–MS can also be combined with a number of 
different approaches to dramatically increase inform-
ation content. For example, the use of crosslinkers in 
AP–MS design was shown to have two advantages: sta-
bilizing weak or transient interactions and providing 
important clues regarding the architecture of the protein 
complex. Structural studies of complexes will also be 
facilitated by new strategies to determine the stoichio-
metry of each of the components of a complex, either 
through intact mass measurements (of the complex 
and its constituents) or through absolute quantitative 
proteomics. Last, the modern generation of quantita-
tive proteomics techniques truly opens the door for 
studies of protein-complex dynamics. This is an excit-
ing area of research — all high-throughput maps that 
have been generated so far have been static; however, 
by using quantitative proteomics methods, dynamic 
protein–protein interaction maps will be generated 
in the future, allowing us to discover how proteins are 
reorganized following intracellular signalling events.
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