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Proteomics research focuses on the identification and

quantification of ‘all’ proteins present in cells, organisms

or tissue. Proteomics is technically complicated because

it encompasses the characterization and functional

analysis of all proteins that are expressed by a genome.

Moreover, because the expression levels of proteins

strongly depend on complex regulatory systems, the

proteome is highly dynamic. This review focuses on the

two major proteomics methodologies, one based on 2D

gel electrophoresis and the other based on liquid

chromatography coupled to mass spectrometry. The

recent developments of these methodologies and their

application to quantitative proteomics are described.

The model system Saccharomyces cerevisiae is con-

sidered to be the optimal vehicle for proteomics and we

review studies investigating yeast adaptation to

changes in (nutritional) environment.

Yeast as a production platform and model system

The symbiosis between the yeast Saccharomyces cerevi-
siae and humans is highly valuable. Evidently, S.
cerevisiae is one of the most extensively used microorgan-
isms in industrial applications. In addition to its appli-
cation in the food and beverage industry, S. cerevisiae has
been used for the production of protein- and small-
molecule drugs. For example, a substantial part of insulin
is produced in S. cerevisiae [1]. In addition to its role in
industrial applications, S. cerevisiae is a key model
organism in research laboratories to study fundamental
biological processes. Being one of the simplest eukaryotes,
S. cerevisiae has several features that make it a useful
research vehicle [2–4]; it grows easily and methods for
cultivation under well-controlled conditions are available.
Moreover, S. cerevisiae is not pathogenic and, therefore, it
can be handled with few precautions. Additionally, power-
ful techniques for genetic manipulation in yeast are
available providing, for example, extensive knockout
mutant collections [5–7]. Importantly, many basic biologi-
cal structures and processes have been conserved
throughout eukaryotes and, therefore, S. cerevisiae can
be an informative predictor of human gene function.
Nearly 50% of human genes implicated in heritable
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diseases have yeast homologues [8]. Research using
yeast has offered generic fundamental insights into
processes such as the cell cycle, vesicular transport and
gene expression.

Illustrating its importance in molecular biology
research, S. cerevisiae was also the first eukaryotic
organism from which the genome sequence was completed
[9], which has opened up many new possibilities for
biotechnological and biomedical research. Yeast has
further established its ‘super model organism’ status [3]
as an ideal platform for the development, validation and
application of post-genomic technologies, such as those
used in large-scale gene knockout genetics and functional
genomics studies [2], large-scale analysis of the yeast
transcriptome, proteome and metabolome.

Yeast growth conditions

S. cerevisiae can adapt to a large variety of environmental
conditions. During fermentation in grapes, for example,
yeast encounters sugar concentrations that can vary from
1 M to 10K5 M [10]. Also, during baker’s yeast production,
yeast grows aerobically under sugar limitation to achieve
high biomass yields, whereas during processes such as
dough rising, high concentrations of fermentable sugars
are present under anaerobic conditions and the growth is
limited by other nutrients (e.g. oxygen, nitrogen). To
survive changes in the nutritional environment, yeast
needs to detect the availability of nutrients and adapt its
metabolism rapidly. It is important to study how yeast
adapts to changes in its environment, not only because it
might be relevant for the optimization in industrial
applications but also because knowledge gained in such
experiments might be relevant to human health and/or
malfunctioning.

Comprehensive transcriptome analyses have been
performed to study the effect of different nutrient
conditions in yeast [11–14]. These genome-wide
expression profiles reflect the physiological status of the
cell and show how the cell responds to different nutrient
environments at the transcription level. Compared with
transcriptome studies, proteome studies are generally
limited by the number of gene products that can be
analyzed simultaneously. However, evidence is accumu-
lating to show that mRNA abundance does not always
correlate well with protein expression levels [15–19].
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Glossary

DiGE: Two-dimensional differential gel-electrophoresis is used to analyze more

than one sample on a single 2D gel. This method employs pre-electrophoretic

labelling of proteins with different spectrally resolvable fluorescent cyanide

dyes (e.g. Cy2, Cy3, Cy5). The labelled samples are mixed and then separated in

a single 2D experiment. The 2D gel patterns of the individual protein pools are

visualized by fluorescence excitation, the wavelength of which is unique for

each of the different cyanide dyes.

MuDPiT: Multidimensional protein identification technology is used for the

direct analysis of complex protein mixtures without 2D gel electrophoresis. In

this approach, a complex peptide mixture is loaded on a biphasic column in

which two independent stationary phases, namely strong cationic-exchange

material and reversed-phase material, are packed into a fused silica nanospray

capillary. The chromatography proceeds in cycles; each comprising (i) a step

gradient with increasing ionic strength to elute peptides from the strong

cationic-exchange material onto the reversed-phase material and (ii) a gradient

with increasing concentration of organic modifier to elute peptides from the

reversed-phase material into the mass spectrometer. The peptides are eluted

directly into the ion source of a mass spectrometer, in which they are

fragmented in data-dependent mode.

ICAT: Isotope-coded affinity tag technology was developed to selectively label

cysteine residues in proteins with tags that differ in their isotopic content,

enabling relative quantification of peptide abundance between samples. The

ICAT reagent consists of three parts: (i) a biotin moiety, which is used for

selective isolation of the labelled peptides, (ii) an isotopically labelled linker,

which contains either the heavy or the light isotopes and (iii) a reactive group

that specifically alkylate thiol groups in cysteine residues.

iTRAQ: A multiplexed set of chemical reagents for quantitative proteome

analysis that enables relative quantification on the basis of MS–MS spectra.

These so-called iTRAQ reagents are amine-specific and covalently attach

isobaric mass labels to the N-terminus and to lysine side chains of peptides.

They can be used to label all the peptides in up to four different biological

samples, simultaneously: enabling relative quantification from MS–MS

spectra. The derivatized precursor peptides are identical in mass and thus

indistinguishable in MS spectra but produce strong diagnostic MS–MS

signature ions.
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Therefore, it is essential to study yeast adaptation and
other biological processes at the level of the proteome.

Here, we review established and emerging (quantitat-
ive) proteomics methodologies that often have first been
developed and validated in S. cerevisiae. The review
mainly focuses on two major proteomics methodologies
available nowadays, namely 2D gel electrophoresis and
liquid chromatography coupled to mass spectrometry
(LC–MS). Additionally, we focus on how these technologies
can be used to investigate differential protein expression
levels of yeast grown under different growth conditions as
used in industrial applications. We conclude with a brief
discussion on future prospects for proteomics technologies
and the role of proteomics and S. cerevisiae in the
emerging field of systems biology.
Coverage of the yeast proteome

2D-gel-based proteomics

The conventional workflow in proteomics research
employs 2D gel electrophoresis to separate proteins and
mass spectrometry (MS) to identify proteins. On a 2D gel,
proteins are separated using iso-electric focusing in the
first dimension and sodium dodecyl sulfate polyacryl-
amide gel electrophoresis in the second dimension
(Figure 1a,b). Separated proteins can be visualized using
a variety of post-electrophoretic staining methods, such as
colloidal Coomassie blue dyes, silver stains and fluor-
escent dyes (for reviews, see [20,21]). Although 2D gel
electrophoresis was introduced 30 years ago, its appli-
cation to proteomics has really taken off since
the development of MS-based techniques that enabled
www.sciencedirect.com
high-throughput protein identification (for reviews, see
[22–24]).

The application of 2D gel electrophoresis to S.
cerevisiae for the large-scale separation and visualization
of proteins results in so-called yeast reference maps [25–
29]. Depending on the protein staining method, w1000
proteins can be visualized on such gels. Also, sub-
proteome reference maps of, for example, yeast mitochon-
dria, have been generated [30]. Moreover, 2D reference
maps have been constructed for important industrial
yeast strains, such as an ale-fermenting strain [31], a wine
strain [32] and a lager-brewing strain [33,34]. These
annotated reference maps are useful tools for yeast
researchers because they can be used for 2D gel
comparisons; however, because of poor gel-to-gel reprodu-
cibility and strain variation, protein spot identities should
always be confirmed using MS.

LC-based proteomics

Although 2D gel electrophoresis enables the separation of
thousands of proteins simultaneously and is still one of the
most frequently used methods in proteome analysis, it has
its drawbacks: the technique is labour-intensive and is
hampered by poor gel-to-gel reproducibility; low abundant
proteins and hydrophobic proteins, in particular mem-
brane proteins, are generally not observed; and the gels
have a limited dynamic range of detection (1–104) [35]. In
recent years, proteomics methods that employ liquid
chromatography (LC) coupled to MS have proven to
provide strong alternatives (for reviews, see [36,37]). LC-
based technologies have several advantages compared
with 2D-gel-based techniques. LC–MS, which can be
automated, combines high-speed, high-resolution and
high-sensitivity separation of extremely complex peptide
mixtures.

An example of an innovative on-line 2D chromatographic
approach is the ‘multidimensional protein identification
technology’ (MudPIT; see Glossary) [38,39]. This approach
starts with the proteolysis of a complete cellular protein
mixture. The resulting peptide mixture is then separated
and analyzed using on-line 2D chromatography directly
coupled to tandem MS, which enables the identification of
proteins by peptide sequencing. In one of the first
applications, Washburn et al. applied MudPIT to analyze
the proteome of yeast and a total of 1484 could be identified
[40]. The resulting dataset was relatively unprejudiced,
covering proteins from all subcellular compartments, with
wide-ranging isoelectric points and molecular weights.
Moreover, low abundance proteins, such as transcription
factors and protein kinases, as well as hydrophobic
membrane proteins, were detected. More recently, Wei
et al. [41] improved the MudPIT method by adding an
additional reversed phase column to the biphasic column,
resulting in an on-line 3D LC method. Wei et al. identified
3109 yeast proteins, which is possibly the most comprehen-
sive proteome coverage reported to date.

Quantification strategies

2D-gel-based quantification

It is interesting to know which proteins are present in a
cell. However, it is even more important to know
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Figure 1. Quantification of protein expression levels based on 2D gel electrophoresis. Proteins can be visualized using a variety of protein stains; in this example, silver

staining was used. The images are of 2D gels loaded with 150 mg protein extract from yeast cells, which were grown in aerobic chemostat cultures: (a) carbon-limited for

ethanol or (b) carbon-limited for glucose, respectively. In this experiment, protein expression levels were determined by comparing spot intensities on triplicate 2D gels. The

differences in spot density correlate with differences in protein abundance. Magnified regions of triplicate 2D gel images are shown in (c) and (d). In (c), examples of proteins

that were detected on the 2D gels of only one of the nutrient-limited chemostat cultures and were undetectable on the 2D gels of the other nutrient-limited chemostat culture

are shown and in (d) several other, statistically significant changes in protein expression levels between the ethanol-limited and glucose-limited yeast chemostat cultures are

shown. In both (c) and (d), protein spots of interest are indicated with a circle, with the corresponding protein names on the left hand side. Histograms show the protein

abundance, with protein intensity of the 2D gels indicated in black for the glucose-limited and white for the ethanol-limited cultures. Figure adapted, with permission, from

Ref. [44].
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the (relative) abundance of these proteins. Conventionally,
determination of protein expression levels has been
accomplished by comparing spot intensities from 2D gels
(Figure 1c,d). In this way, changes in individual protein
spots can be detected and quantified. Several commer-
cially available software packages have been developed to
perform the image analysis of 2D gels (for a review, see
[42]).

Many quantitative 2D-gel-based studies have been
reported with applications to yeast, examining, for
example, yeast growth under different environmental
conditions. Salusjarvi et al. [43] performed a proteome
analysis of recombinant xylose-fermenting yeast, compar-
ing conditions in which glucose or xylose was the carbon
source. This study revealed that metabolic fluxes in the
acetate and glycerol pathway were significantly different
in cells growing on xylose compared with those growing on
glucose. Kolkman et al. studied yeast grown in chemostat
cultures limited for glucose and ethanol [44], which
enabled the differential analysis of protein expression
levels under glycolytic and gluconeogenic conditions. By
using multiple 2D gels (Figure 1c,d) it was possible to
perform a decent statistical analysis to determine signifi-
cant changes in protein expression levels. This study
revealed exclusively major changes in the central carbon
metabolism pathways upon changing the carbon source.
In other studies, 2D gel electrophoresis was used to obtain
a global view of changes in the yeast proteome as
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Figure 2. Overview of recent technologies in quantitative proteomics. (a) Two-dimension

one sample on a single 2D gel. This method employs pre-electrophoretic labelling of prote

Proteins common to the three samples are subsequently labelled with three structurally

mobility regardless of the dye and will migrate to a single spot on a 2D gel. A typical expe

label different protein samples, while the third (Cy2), is used to label an internal standar

enables accurate comparison of protein abundance between samples and allows improve

all peptides and/or proteins that are present in a sample are labelled with a stable isotope.

sample, the sample is processed and analyzed by mass spectrometry to determine relat
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a function of stimuli in the environment, such as cadmium
[45], lithium [46], H2O2 [47], sorbic acid [48] and amino
acid starvation [49].

There are a few examples in which more physiological
relevant conditions, such as wine making, baking and
brewing, were used to study changes in the yeast
proteome. Brejning et al. [50] identified proteins whose
expression was induced during the lag phase and growth
initiation in lager brewing yeast. Trabalzini et al. [51]
performed a proteome analysis to study the adaptive
response of a wine yeast strain to mild and progressive
physiological stresses that occur during fermentation.
Good wine-yeast-strains should be able to adapt to such
stress. Proteome knowledge about these industrial strains
can, therefore, be useful for the optimization and control of
yeast proliferation during industrial fermentation.

Difference in gel electrophoresis

To overcome some of the intrinsic disadvantages of 2D gel
electrophoresis, such as gel-to-gel variation and poor
reproducibility, Unlu et al. [52,53] developed an approach,
termed ‘difference in gel electrophoresis’ (DiGE; see
Glossary) (Figure 2). This method employs pre-electro-
phoretic labelling of proteins with up to three different
fluorescent cyanide dyes, which allows the use of an
internal standard in each gel to reduce the effects of gel-to-
gel variation [54]. A comparison of the resulting images
enables quantification based on the total fluorescence
rotein extraction protein extraction
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rimental setup is designed in such a way so that two dyes (Cy3 and Cy5) are used to

d. The internal standard can be used on every 2D gel within the experiment, which

d spot detection between different gels. (b) Stable isotope labelling. In this approach,

After mixing the unlabelled (‘light’) sample with the stable isotope labelled (‘heavy’)

ive protein expression levels. Figure adapted, with permission, from Ref. [63].
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Figure 3. An overview of different strategies for quantification through stable-

isotope labelling and mass spectrometry. These protein quantification methods

make use of stable isotope labels (i.e. chemically identical but mass-differentiated

tags) to label all peptides and/or proteins that are present in a sample. After mixing

the unlabelled sample with the stable-isotope-labelled sample, the sample is

processed and analyzed by mass spectrometry to determine relative protein

expression levels. The mass spectrometric intensity response is independent of the

isotopic composition of the peptides. The ratio of the integrated signal peak areas of

the light and heavy isotopic form of the same peptide, therefore directly reflect the

protein abundance ratio. The stable isotope label can be incorporated into proteins

or peptides at different moments during sample preparation (labelling is indicated

with black bold boxes). The methods are: (a) Metabolic labelling. Metabolic

labelling is achieved by growing an organism in the presence of a stable- isotope-

labelled nitrogen or carbon source, such as 15N ammonium sulphate, 13C-labelled

glucose or labelled amino acids. In a typical labelling study, cells are grown under

different conditions and labelled with different forms of the stable isotope.

Subsequently, these cells are mixed and analyzed using mass spectrometry; (b)

Protein labelling (e.g. the ICAT approach); and (c) Peptide labelling, either during

digestion in 18O labelled water, via derivatization of the peptides or via methods

such as iTRAQ.
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intensity of each protein spot. Hu et al. [55] used DiGE to
compare the proteome of yeast upon treatment with 15
metals. Their analysis revealed that w20% of the proteins
showed a significant change in expression upon metal
treatment, providing insight into cellular defense mech-
anisms in eukaryotes. Proteins such as Cu/Zn superoxide
dismutase showed drastic changes in expression upon
treatment with different metals, which is probably a result
*

*

*

*

*
*
*

*
*

*
*
*tag

Protein complex purification
e.g.TAP tagging,

immunopurification

Separation of
from puri

protein com

Figure 4. General scheme for protein complex analyses. Protein complexes can be purifi

tandem affinity (TAP) purification. In the affinity-based purification method, proteins are

enables affinity purification. The tagged protein and its interacting partners are co-puri

spectrometry. In this way, protein-interaction networks in the cell can be establishe

organization of the yeast proteome by systematic analysis of protein complexes [65,6

species extends from single proteins to the protein assemblies. It will be interesting to

interactions adapt to biological processes, such as cell cycle and budding, and also to c
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of their overall role in the detoxification of metals.
Interestingly, certain proteins only changed their
expression levels upon treatment with a specific metal,
indicating that these proteins might have a specific role in
the cellular defence.
Stable-isotope-labelling-based quantification

Recently, MS-based strategies for quantitative proteomics
have been developed. These methods make use of stable
isotope labels, that is, chemically identical but mass-
differentiated tags to label peptides and/or proteins
(Figures 2 and 3; for reviews, see [56–58]). Three main
methods exist for introducing stable isotopes into proteins
or peptides: chemical, enzymatic or via metabolic
incorporation.

Various groups have applied stable-isotope labelling in
yeast to study the effect of different environmental
conditions on the proteome. For example, Ideker et al. [18]
and Griffin et al. [19] applied the chemical incorporation
method ICAT (see Glossary) [59] to study the effect of carbon
source perturbation on protein expression levels in yeast. In
both studies, the protein abundance ratios were compared
with corresponding mRNA-abundance ratios. Ross et al.
applied the iTRAQ method (see Glossary) to determine
global protein expression levels in a wild type yeast strain
and in two mutant yeast strains that are defective in the
nonsense mRNA decay and general 50 to 30 decay [60].

Metabolic labelling has been applied to yeast in various
studies to determine relative protein expression levels. In
fact, for proteome studies, yeast was one of the first
organisms to be fully metabolically labelled with stable
isotopes for the purpose of quantitative MS measurements
[61]. Metabolic labelling offers the earliest time point for
stable-isotope incorporation and, therefore, is less prone to
experimental variations that might occur during parallel
sample processing. However, a limitation of this approach
is that the organism to be labelled needs to grow in
controlled media and thus metabolic labelling is mainly
limited to organisms that can be cultured and to cell lines.

Washburn et al. [62] used metabolic labelling in yeast
with 15N as the stable isotope, in combination with
quantitative MudPIT analysis. They compared the
MS/MS analysis 

Establishing protein
networks

 proteins
fied
plex

ed using different techniques, such as affinity purification, immune purification and

tagged (fused) with a bait, such as one or more proteins or peptides (epitopes), that

fied, separated by 1D gel electrophoresis, proteolyzed and then identified by mass

d. Several comprehensive studies have been reported to unravel the functional

6]. Comparison of yeast and human complexes showed that conservation across

extend these studies to unravel how these complex dynamic networks of protein

hanges in environmental growth conditions.

http://www.sciencedirect.com


Review TRENDS in Biotechnology Vol.23 No.12 December 2005 603
proteome and transcriptome of yeast cultured on minimal
and rich media, in which 14N or 15N labelled ammonium
sulfate was present as the sole nitrogen source. A
clustering approach based on protein biochemical path-
ways and protein complexes was applied, which provided
insight into generic yeast biology.

Comparison of technologies for quantitative proteomics

Quantitative protein expression profiling is a crucial part of
proteomics and requires methods that can efficiently
provide accurate and reproducible differential expression
values for proteins in two or more biological samples. It is
clear from earlier that ‘older’ staining methods combined
with 2D gel electrophoresis have some drawbacks, largely
resulting from experimental variation in gel-to-gel repro-
ducibility. Therefore, both stable isotope labelling andDiGE
currently appear to be the methods of choice for reliable
protein expression quantification. In the stable isotope
approach, the reliability of the quantification increases
with the number of peptides of the same protein that are
used for quantification. Recently, in a direct comparative
assessment, Kolkman et al. [63] evaluated DiGE and
metabolic stable-isotope labelling. Relative ratios in protein
expression between these two yeast samples were deter-
mined using both DiGE and metabolic stable-isotope
labelling and a satisfactory correlation between the two
methods was found, although each method has their
intrinsic advantages and limitations [63].

Future outlook – towards systems biology

Proteomics is a rapidly developing area of research,
whereby new technologies are often developed and
validated in model systems such as yeast. However,
compared with genetics and genomics studies, proteomics
is still limited because it is strongly biased towards highly
abundant proteins and, therefore, does not yet provide the
genome-wide coverage obtained by other -omics technol-
ogies. Additionally, the proteome world is possibly the
most complex of all -omics worlds because of its highly
dynamic nature and its complexity resulting from splice-
variants, isoforms and protein post-translational modifi-
cations. Therefore, it is evident that there is an ongoing
need for improvement in (quantitative) proteomics tech-
nologies, whereby yeast will probably have its role again
as the benchmark model system.

Instead of proteins acting as individual entities, most
proteins interact and/or function in large molecular
assemblies. It is now assumed that the diversity of
biological processes is derived from the dynamic network
of protein interactions in the cell [64]. Thus, a broad
understanding of protein–protein interactions is crucial
for building models of protein function and regulation.
With its speed and sensitivity, MS has become an
important method for identifying components of protein
complexes (Figure 4). Several comprehensive studies have
been reported to unravel the functional organization of the
yeast proteome by systematic analysis of protein
complexes in yeast [65,66]. Quantitative proteomics
techniques using stable isotopes can be used to study
these protein complexes; for example, to distinguish
specific from aspecific interactions, and to determine
www.sciencedirect.com
protein complex dynamics and the stoichiometry of
protein complexes [67].

The combination of genetics and a wide variety of -
omics data (transcriptomics, proteomics, metabolomics),
can potentially lead to a more complete understanding of
the biology of a system at the molecular level. This
ambitious quest is nowadays termed systems biology (for
review, see [68]). However, for such systems biology
experiments the quality and range (in time and coverage)
of the different -omics data should be comparable. It is
crucial to make the systems studied as ‘simple’ as possible,
therefore, it is clear that the development of systems
biology will benefit largely from model systems that can be
grown and manipulated under well-defined conditions,
providing again a role for S. cerevisiae at the centre stage.
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