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Most cellular processes are carried out by multiprotein complexes. The identi®cation and analysis of their components provides
insight into how the ensemble of expressed proteins (proteome) is organized into functional units. We used tandem-af®nity
puri®cation (TAP) and mass spectrometry in a large-scale approach to characterize multiprotein complexes in Saccharomyces
cerevisiae. We processed 1,739 genes, including 1,143 human orthologues of relevance to human biology, and puri®ed 589 protein
assemblies. Bioinformatic analysis of these assemblies de®ned 232 distinct multiprotein complexes and proposed new cellular
roles for 344 proteins, including 231 proteins with no previous functional annotation. Comparison of yeast and human complexes
showed that conservation across species extends from single proteins to their molecular environment. Our analysis provides an
outline of the eukaryotic proteome as a network of protein complexes at a level of organization beyond binary interactions. This
higher-order map contains fundamental biological information and offers the context for a more reasoned and informed approach
to drug discovery.

A formidable challenge of postgenomic biology is to understand
how genetic information results in the concerted action of gene
products in time and space to generate function. In medicine, this is
perhaps best re¯ected in the numerous disorders based on poly-
genic traits and the notion that the number of human diseases
exceeds the number of genes in the genome1. Moreover, the total
number of human genes does not differ substantially from the
number of genes of the nematode worm Caenorhabditis elegans,
suggesting that `complexity' may partly rely on the contextual
combination of the gene products2. Dissecting the genetic and
biochemical circuitry of a cell is a fundamental problem in biology.
At the biochemical level, proteins rarely act alone; rather, they
interact with other proteins to perform particular cellular tasks3.
These assemblies represent more than the sum of their parts by
having a new `function'3.

Our knowledge regarding the identity of the building elements of
speci®c complexes is limited and is based on selected biochemical
approaches and genetic analyses. The only comprehensive protein-
interaction studies are based on ex vivo and in vitro systems, such as
two-hybrid systems4±6 and protein chips7, and need to be integrated
with more-physiological approaches. Whenever it has been possible
to retrieve and analyse particular cellular protein complexes under
physiological conditions, the insight gained from the analysis has
been fundamental for the biological understanding of their func-
tion, and has often taken the analysis well beyond the limits of
genetic analysis8,9. Prominent examples are the spliceosome, the
cyclosome, the proteasome, the nuclear pore complex and the
synaptosome10±16. No systematic analysis of protein complexes
from the same cell type using the same technique has yet been
reported. We have performed a comprehensive analysis of protein
complexes of baker's yeast, S. cerevisiae, a model system relevant to
human biology17,18.

Large-scale analysis of protein complexes
To systematically purify multiprotein complexes, we developed the
strategy depicted in Fig. 1. Gene-speci®c cassettes containing the
TAP tag19, generated by polymerase chain reaction (PCR), were
inserted by homologous recombination at the 39 end of the genes.
We processed 1,739 genes, including 1,143 genes representing
eukaryotic orthologues2. Orthologues are thought to have evolved
by vertical descent from a common ancestor20 and are presumed to
carry out the same function. For comparison, we also targeted a
nonorthologous set of 596 genes from chromosomes 1, 2 and 4. To
test the tagged genes in the absence of the wild-type allele, we used
haploid cells. We generated a library of 1,548 yeast strains, of
which 1,167 expressed the tagged proteins to detectable levels
(Fig. 1). After growing cells to mid-log phase, assemblies were
puri®ed from total cellular lysates by TAP19. This technique com-
bines a ®rst high-af®nity puri®cation, mild elution using a site-
speci®c protease, and a second af®nity puri®cation to obtain
protein complexes with high ef®ciency and speci®city21. The puri-
®ed protein assemblies were separated by denaturing gel electro-
phoresis, individual bands were digested by trypsin, analysed by
matrix-assisted laser desorption/ionization±time-of-¯ight mass
spectrometry (MALDI±TOF MS)9 and identi®ed by database
search algorithms. In all, 293 proteins were localized at membranes
(integral and peripherally associated)22. Because their puri®cation
required a separate protocol, only 70 of the membrane-associated
proteins were analysed, of which 40 were puri®ed successfully. We
analysed the proteins found associated to the 589 (418 orthologues)
successfully puri®ed tagged proteins (the `raw' set of puri®cations;
see Supplementary Information Table S1). This generated 20,946
samples for mass spectrometry and subsequently identi®ed 16,830
proteins. Of these, 1,440 were distinct gene products, representing
about 25% of the open reading frames (ORFs) in the genome. The
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analysis covers proteins of various subcellular compartments, sup-
porting the generality of our approach (Figs 1b, 2a).

Sensitivity, speci®city and reliability of the approach
Of the 589 puri®ed tagged proteins, 78% presented associated
partners, showing that the method is very ef®cient for the large-
scale retrieval and identi®cation of cellular protein complexes.
There are several possible reasons why, in the remaining 22%,
we were unable to purify and identify interacting proteins. Par-
ticular proteins may not form any or suf®ciently stable or soluble

complexes. In other cases, the 20K (relative molecular mass Mr

20,000) TAP tag may interfere with complex assembly or protein
localization and function. Because we used haploid cells, we were
able to score for viability. In 18% of the cases when essential genes
were tagged, we did not obtain viable strains, con®rming that
carboxy-terminal tagging can impair protein function. Further-
more, the method may fail to detect transient interactions, low
stoichiometric complexes, and/or those interactions occurring only
in speci®c physiological states not present or under-represented in
exponentially growing cells. In addition, the size distribution of the
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identi®ed proteins reveals a clear technical bias against proteins
below 15K (see Supplementary Information Fig. S1). However, in
about 30% of the cases where we failed to purify complexes around a
given protein, the protein was detected when other complex
components (entry points) were tagged and puri®ed.

To assess the quality of the results obtained for puri®cations
that do contain associated proteins, we compared our data to the
literature (see below). We also established reproducibility of the
approach by purifying 13 large complexes at least twice. The
probability of detecting the same protein in two different puri-
®cations from the same entry point is about 70%. Therefore, on
average, 30% of all detected associations presented in this study
need to be treated with caution. This is particularly the case if
complexes were retrieved from only one entry point. This varia-
bility may be inherent to the technique (biological samples, puri-
®cation, mass spectrometry) but also to the large-scale nature of
the approach, tuned to high complex coverage and high sensitivity.

To determine the experimental background, we puri®ed mock-
transformed control strains, leading to the identi®cation of 17
contaminant proteins, mainly heat-shock and ribosomal proteins
(see Supplementary Information Table S2). These are highly
expressed proteins23. Because these proteins appeared in more
than 20 of our puri®cations (3.5%), we decided to use this cutoff
point and pragmatically excluded another 49 proteins present at
equal or higher frequencies in our screen from further analysis (see
Supplementary Information Table S2). It is prudent to interpret
data concerning often-puri®ed proteins just below this cutoff point
with caution. Finally, we cannot exclude the occasional arti®cial
interaction generated during cell lysis.

Although stoichiometry was not assessed in this study, we have
observed that proteins belonging to the contaminant list generally
comprise the weak bands after staining, and typically are identi®ed
by fewer tryptic peptides. Moreover, the systematic cutting and
analysis of gel slices led to the identi®cation by mass spectrometry
even of invisible proteins. The sensitivity of the TAP MS method is
high, because we were able to identify proteins present at 15 copies
per cell (data not shown). Identi®ed proteins were 6.6K to 559K in
size and ranged in pI between 3.9 and 12.4 (see full evaluation in
Supplementary Information Fig. S1).

Organization of the puri®ed assemblies into complexes
On the basis of substantial overlaps, we grouped the biochemical
puri®cations obtained with 589 different entry points into a
reduced number of biologically meaningful complexes. A total of
245 puri®cations corresponded to 98 known nonredundant multi-
protein complexes present in the yeast protein database (YPD; 60%
of the data set)22. A further 242 puri®cations were assembled into
134 new complexes. The remaining 102 proteins showed no
detectable association with other proteins when puri®ed directly,
or as part of other complexes. The subsequent statistical analysis is
based on a list that includes 232 annotated `TAP complexes' (see
Supplementary Information Table S3).

Among the complexes that were assigned to the known YPD
complexes, coverage of components was very high (Fig. 2b). Of all
232 TAP complexes, only 9% had no novel element (Fig. 2c). The
size of the TAP complexes varied from 2 to 83 components, with an
average of 12 components per complex (Fig. 2d). We assigned
cellular roles to complexes by computing functional assignments of
the individual components according to YPD22 and by literature
mining (Fig. 2e, Supplementary Information Table S3). In general
terms, there seemed to be a wide functional distribution of com-
plexes over nine categories (Fig. 2e). Of the 304 proteins with no
YPD functional annotation that were identi®ed in our screen, we
propose roles for 231 (Supplementary Information Table S3).
Moreover, for 113 proteins that had a functional annotation, we
discovered a new molecular context (Supplementary Information
Tables S3, S4; see also examples below).

Cohesive and dynamic complexes
A particular complex is not necessarily of invariable composition
nor are all its building blocks uniquely associated with that speci®c
complex. With several distinct tagged proteins as entry points to
purify a complex, core components can be identi®ed and validated,
whereas more dynamic, perhaps regulatory components may be
present differentially. The dynamics of complex composition are
well illustrated by the cellular signalling complexes formed around
the protein phosphatase 2A (PP2A; yeast TAP-C151; see Supple-
mentary Information Table S3). Tagging different known PP2A
components resulted in the puri®cation of the known trimeric
complexes containing Tpd3 (the regulatory A subunit), either of the
two catalytic subunits, Pph21 and Pph22, and either of the two
regulatory B subunits, Cdc55 and Rts1. The Cdc55-containing
complexes were found to additionally contain Zds1 or Zds2,
known cell-cycle regulators, revealing preferences among the dif-
ferent complexes and a link to cell-cycle checkpoints. Additional
plasticity of the PP2A complexes is apparent by the interaction with
three proteins implicated in bud shape and morphogenesis (Lte1,
Kel1 and YBL104C). This analysis also shows that the interactions of
a signalling enzyme may be suf®ciently strong to allow the detection
of distinct cellular complexes and thus be diagnostic for a role of this
enzyme in different cellular activities.

An example of a large, cohesive complex is given by the poly-
adenylation machinery, which is responsible for the sequential
steps necessary for eukaryotic messenger RNA cleavage and
polyadenylation24 (yeast TAP-C162; see Supplementary Informa-
tion Table S3). Using Pta1 as the entry point, we identi®ed 12 of the
13 known interactors and 7 new components (Fig. 3a). The
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composition of the complex was validated by extensive `reverse'
analysis, including puri®cations obtained with YKL059C and Ref2,
two of the new interactors (Fig. 3a). Four new componentsÐPti1,
YKL018W, YKL059C and YOR179CÐhad no previous functional
annotation, but could be included into a hypothetical model by
bioinformatic analysis (Fig. 3b). Ssu72, another of the seven new
interactors, had previously been reported to interact with TFIIB,
strongly supporting a suspected link between the polyadenylation
machinery and transcription. Thus, complexes are often suf®ciently
strong to show high composition integrity even when puri®ed with
different entry points.

A higher-order organization map of the proteome
After assigning individual proteins to protein complexes, we inves-
tigated relationships between complexes to understand the integra-
tion and coordination of cellular functions. We represented
relationship by linking complexes that share components (Fig. 4).
By plotting all the relationships, we obtained a network of com-
plexes. Connections in this network not only re¯ect physical
interaction of complexes, but may also represent common regula-
tion, localization, turnover or architecture. Most complexes are
linked. The more connected a complex, the more central its position

in the network. Complexes composed of at least 50% orthologues
are shown as double sized, and complexes are colour-coded accord-
ing to cellular roles. Several complexes belonging to the same class
appear to group, suggesting that sharing of components re¯ects
functional relationships. These relationships are best observed with
complexes involved in mRNA metabolism (orange), cell cycle (red),
protein synthesis and turnover (light green), and intermediate and
energy metabolism (violet). Complexes involved in transport of
protein or RNA (pink), in contrast, appear more dispersed and have
connections to complexes of all other cellular roles. There are several
`satellite' complexes that do not seem to share components. Because
this analysis is not exhaustive, we expect more connections for some
of these complexes as more are puri®ed and analysed. A software
package (available at http://yeast.cellzome.com) allows the naviga-
tion of this proteome map at both the protein and complex level.
Such a tool is essential to allow for proper data interpretation and
for the generation of hypotheses leading to further experimental
investigations.

Parallel analysis of human and yeast complexes
Orthologous gene products are thought to be responsible for
essential cellular activities. We found that orthologous proteins
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preferentially interact with complexes enriched with other ortho-
logues (mean 53%; Fig. 2f). In comparison, nonorthologous
proteins have a lower propensity for such interaction (mean
31%). Similarly, the likelihood to interact with essential gene
products is higher for essential (44%) than for nonessential
(17%) proteins. This supports the existence of an `orthologous
proteome' that may represent core functions for the eukaryotic
cell18. To determine whether the TAP strategy can be applied to
retrieve equivalent multiprotein complexes from yeast and human
cells, we compared different complexes from distinct subcellular
compartments: Arp2/3, a cytoskeleton-associated complex, Ccr4±
Not, a nuclear assembly, and Trapp, a Golgi-associated complex.
The Arp2/3 complex is a stable multiprotein assembly required for
the nucleation of actin ®laments in all eukaryotic cells and consists
of seven proteins in human and yeast25. TAP of Arp2 in yeast (TAP-
C153) and ARPC2 in human25 resulted in the isolation and
identi®cation of all known components. This indicates that the
TAP approach combined with liquid chromatography coupled to
tandem mass spectrometry (LC/MS/MS) is an ef®cient and sensitive
method for the retrieval and characterization of human multi-
protein complexes (Fig. 5a).

The yeast Ccr4±Not complex (TAP-C149) is involved in the
control of gene expression and consists of eight components26.
Potential human orthologues have been identi®ed and character-
ized for yeast Not2, Not3, Not4 and Caf1, but not for yeast Not1 and
Ccr4. Moreover, no respective multiprotein complex has yet been
described in mammalian cells27. TAP of tagged human NOT2
resulted in the identi®cation of a multiprotein complex consisting
of human NOT2, CAF1 and CALIF, and two functionally non-
annotated gene products, encoded by KIAA1007 and KIAA1194,
which we could assign as the orthologues of yeast Not1 and Ccr4,
respectively (Fig. 5b). Puri®cation of tagged yeast Ccr4 resulted in
the identi®cation of a complex component, Caf40, that has an
orthologous counterpart, Rqcd1, also identi®ed in the human
complex. These data strongly suggest that the human and yeast
Ccr4±Not complexes are comparable in subunit composition.

As a third example we puri®ed and characterized an ortholo-
gous human TRAPP (transport protein particle) complex. The
yeast complex contains ten subunits that are required for docking
of transport vesicles derived from the endoplasmic reticulum to
the cis-Golgi (yeast TAP-C102)28. The human complex had been
puri®ed previously as an assembly of about 670K; however, apart
from human BET3 and TRS20, none of the other complex
subunits had been identi®ed28. TAP puri®cation of tagged
human BET3 resulted in the identi®cation of a complex consisting
of human BET3, MUM2, R32611_2, Sedlin, EHOC-1, PTD009
and KIAA1012, which we assigned as the orthologues of yeast Bet3,
Bet5, Trs33, Trs20, Trs130, Trs23 and Trs85, respectively (Fig. 5c).
Taken together, these examples show that the analysis of yeast
complexes can often predict the composition of the human
counterparts. This large-scale yeast proteome analysis could have
immediate functional implications for human biology.

Discussion
To assign cellular functions to new, nonannotated gene products,
and to understand the context in which proteins operate, several
large-scale approaches have been undertaken. These include mon-
itoring of mRNA expression (chips and serial analysis of gene
expression (SAGE))29, loss-of-function approaches combined with
subcellular localization screens (in yeast29,30, RNA-mediated inter-
ference in C. elegans31,32, gene trap in mice33,34), computational in
silico methods (protein fusions, gene neighbouring, structural
predictions)35,36, and extensive two-hybrid screens4±6 and protein
chip analysis7,37. The TAP/MS-based functional proteomics
approach presented here may well constitute the largest analysis
of protein complexes to date. We con®rmed the expression of 1,440
ORFs as annotated in the genome, of which 59 had been assigned

only as hypothetical. A large-scale analysis of yeast proteins per-
formed previously on a crude cell extract identi®ed 1,484 different
proteins from exponentially growing cells38. Another 714 proteins
were detected in our study. This raises the total number of
ascertained proteome components to 2,210.

TAP19 proved invaluable for the puri®cation of complexes from
different cellular compartments, including complexes associated
with cellular membranes. The approach also allows for the ef®cient
identi®cation of low-abundance proteins that would not be detect-
able by approaches involving expression proteomics9,21. Further,
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TAP allows the puri®cation of very large complexes. For example,
we were able to purify yeast TAP-C116 (Ino80), a complex reported
to have an Mr about 1M±1.5M (ref. 39), and we identi®ed all known
and several new interactors.

We sought to gauge the reliability of our data by comparing the
experimental results to the literature. Although comparison of our
data to the YPD complex database is straightforward (Fig. 2b), it is
very dif®cult to derive meaningful comparative information from
the yeast two-hybrid data because the latter produces binary
interactions, whereas the TAP/MS method yields complex compo-
sition data. When considering all possible interactions between
proteins within a complex or a puri®cation, normalized for the
proteins that were identi®ed in this study, we ®nd that our data
overlap with only 7% of the interactions seen by yeast two-hybrid
assays4±6. When compared with the YPD protein complexes, this
study covers 56%, whereas large-scale yeast two-hybrid approaches
cover 10%. There are two reasons for this difference. On one hand,
the yeast two-hybrid approaches touch only 35% of the described
complexes, compared with 60% in this study. On the other hand,
there is a generally lower coverage of individual components within
complexes. The ®gure for the yeast two-hybrid data is 39% com-
pared with 56% in this study. To achieve the respective coverage, the
yeast two-hybrid approaches required processing of 95% of all yeast
ORFs compared with 25% in our study. Altogether, this illustrates
that the two methodologies address different aspects of protein
interaction. Comprehensive two-hybrid approaches do not seem to
be particularly suited for characterization of protein complexes.
This supports the view that complex formation is more than the
sum of binary interactions. However, two-hybrid analysis is of
exceptional value for the detection of pairwise and transient
associations. The success of the TAP/MS approach for the char-
acterization of protein complexes relies on the conditions used for
the assembly and retrieval of the complexes. These include main-
taining protein concentration, localization and post-translational
modi®cations in a manner that closely approximates normal
physiology. Because the TAP/MS method does not provide infor-
mation on the orientation of complex components, complex
characterization and yeast two-hybrid analysis are ideally comple-
mentary.

Another outcome of our study is the ease and frequency by which
protein complexes can be retrieved from cells. These biophysical
properties of protein complexes may suggest cooperative binding.
Bridging factors, post-translational modi®cations, allosteric struc-
tural changes, and binding of ions and metabolites can all cooperate
to increase the number of short-range interactions between individ-
ual proteins in an assembly. Moreover, several proteins with
critical regulatory functions are non-globular or intrinsically
unstructured40. Folding into ordered structures occurs only on
binding to other proteins, offering the opportunity of control
over the thermodynamics of the binding process. We anticipate
that some of the complexes identi®ed in this study will be useful for
structural studies.

Although we used only one set of experimental parameters here
to grow and maintain cells for the evaluation of complex composi-
tion, we will, in the future, systematically modify experimental
parameters to evaluate the impact of a changing environment on
complex integrity41. These studies should help to elucidate the
dynamics of complex assembly and disassembly. Moreover, the
strains generated can be used for parallel assessment of protein
expression levels. Finally, tandem-af®nity-puri®ed complexes from
this collection may be a starting point to develop protein chips
containing physiological protein complexes7 and for assessment of
biochemical activity of proteins within their molecular
environment42.

The statistical analysis of the large-scale yeast approach shows a
clear tendency of proteins that are part of the set of metazoan
orthologues to bind to other proteins of the same set. Moreover, we

also observed a propensity to associate among the products of
essential genes. Complexes containing orthologues and essential
proteins overlap signi®cantly. This recalls the proposition that the
products of essential genes are also more likely to represent central
components in a protein network43. Together, this raises the possi-
bility that orthologue complexes represent the building blocks of a
eukaryotic `core proteome' covering basic cellular functions18,43. We
believe that a signi®cant number of the yeast complexes described
here will have human equivalents and expect that these may form
the basis for understanding multifactorial diseases. Through the
`guilt by association' concept, we are able to propose cellular roles
for proteins that had no previous functional annotation and new
roles for known proteins. Assessment of the physiological molecular
context of proteins, as described here, may be one of the most
ef®cient and unambiguous routes towards the assignment of gene
identity and function.

Our analysis allowed us to group cellular proteins into about 200
complexes. These complexes are connected to each other by shared
components. The network that resulted is a functional description
of the eukaryotic proteome at a higher level of organization. Such
higher-order maps will bring an increasing quality to our apprecia-
tion of biological systems. It is expected that this may provide drug
discovery programmes with a molecular context for the choice and
evaluation of drug targets. M

Methods
Yeast strain construction and TAP

Yeast strains expressing TAP-tagged ORFs were constructed in a semi-automated way
essentially as done previously19,21. Cells were cultured at 30 8C in YPD medium, collected
during exponential growth, and lysed mechanically with glass beads. Puri®cations were
done as described19,21. For the puri®cation of membrane proteins, the detergent concen-
tration was adjusted to 1.5% after lysis.

TAP from human cells

Retroviral transduction vectors were generated by directional cloning of PCR-ampli®ed
ORFs into a modi®ed version of a MoMLV-based vector via the Gateway site-speci®c
recombination system (Life Technologies). For NOT2 and ARPC2, the TAP cassette was
fused to the amino terminus and for BET3 to the C terminus. In all 3 cases, cell cultures
were generated by retrovirus-mediated gene transfer and complexes were puri®ed after cell
expansion and cultivation for at least 5 days by a modi®ed TAP protocol19.

High-throughput protein identi®cation

Puri®ed proteins were concentrated, separated on 4±12% NuPAGE gels (Novex) and
stained with colloidal Coomassie blue. Gels were sliced into 1.25-mm bands across the
entire separation range of each lane to sample all potential interacting proteins without
bias with respect to size and relative abundance. Cut bands were digested with trypsin
essentially as described44. The resulting tryptic peptide mixtures were analysed by
automated MALDI±TOF MS (Voyager DE-STR, Applied Biosystems). Proteins were
identi®ed by automated peptide mass ®ngerprinting using the software tool Knexus
(Proteometrics) and an in-house built sequence database of S. cerevisiae proteins.
Experiments with human orthologues of yeast proteins were subjected to the same cutting
and digestion procedure but protein identi®cation was accomplished by automated
LC/MS/MS analysis (Ultimate, LC Packings, QTOF2, Micromass) in conjunction with
searches of the GenPept database (ftp://ftp.ncbi.nlm.nih.gov/genbank/genpept.fsa.gz)
using the software tool Mascot (Matrix Science).

Bioinformatics

Functional and localization information about yeast proteins was retrieved from the YPD
released in August 2001. To get a more concise classi®cation for localization and function,
YPD classes were merged. For the analysis of assembled complexes from our puri®cations
to the published complexes, we removed redundancy from the YPD data set manually.
Protein domain analysis was performed with SMART45. PsiBlast46 was used for homology
analysis. All additional analysis software was developed by us, using Perl and Python. For
the comparison of puri®cations to the YPD complexes, each member of a complex and,
independently, of the puri®cations, was considered to be connected to each other.
Redundant interactions were merged. For the comparison with yeast two-hybrid assays we
counted every described binary interaction included in our puri®cations and included in
the YPD complexes, respectively. For calculation of coverage of complexes, we considered
only the YPD complexes that included at least two identi®ed components (from yeast two-
hybrid interactions or from complex puri®cation). For the calculation of coverage of
complex components, all puri®cations or yeast two-hybrid pairs with an entry point or
bait falling into a described complex were considered.
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