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Abstract
Proteomics is rapidly gaining momentum as an analytical tool for studying
metabolic processes in ( micro )organisms. Proteomics can not only visualize
the full spectrum of proteins present at any given moment in a cell, it can also
pinpoint post-translational protein modifications (phosphorylation,
glycosylation), and provide insight in the assembly of protein complexes. The
principles of this powerful technique are discussed, i.e. sample treatment, 2D
gel electrophoresis, mass spectrometry, and the importance of genome
sequences. Strategies for unraveling protein complexes will be discussed,
including affinity tags and affinity purification .

1. Introduction
During gene expression in any living organism, including fermentation
microorganisms, transcription of the genome results in RNA, followed by
translation of RNA into proteins. Subsquently, the latter can undergo posttranslational modifications such as cleavage .....into peptides, phosphorylation,
lipidation, complexation, ubiquitination, eventually resulting in larger complexes.
The proteome can be defined as the set of all expressed proteins in a cell, tissue,
or organism. Proteomics encompasses the systematic analysis of all proteins
at a certain time point or condition. Such analysis includes the nature
(identity), the quantity and the function of those proteins.
It should be noted that even when the complete genome sequence of a particular
organism is known, a complete picture of it's biological functions can not yet
be established. Proteomics is a powerful tool to study for example, the
functional annotation of the genome, the compartmentalization of proteins
in cells, as well as the quantification of expressed proteins, the nature of protein-'
protein interactions and identification of complexes. The mapping of proteins
can also be useful in taxonomy of e.g., lactic acid bacteria and to monitor protein
expression of probiotics under different (stress) environmental conditions
(Champomier-Verges et al. , 2002) .
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Proteomics therefore is complementary to genomics as it focuses on the gene
expression products, which are the metabolically active agents in cells.
Proteomics can also contribute to the study of mRNA in relation to protein
expression.

2. The rise of proteomics
Already as early as the 1970s, large databases of proteins, originating from only
one microorganism or cell line, obtained by 2 dimensional gel-electrophoresis
were established. However, it took until the 1990s to achieve the speed and
reproducibility of analysis, required for inter-laboratory comparisons (Pandey
and Mann, 2000). In this respect, the technical development of mass
spectrometry enabling both speed and sensitivity (femtomolar range) gave a
big impetus to the development of proteomics. In addition to this technical
development, a major reason for the interest in proteomics is the need for
genome sequences. Proteomics facilitate knowledge of all proteins of certain
organisms, as well as the exact position of genes in the genome.

3. Outline of procedures
Extraction and fractionation: One of the most crucial steps in proteomics is
obtaining and handling the crude protein extract: when applying 2 D gelelectrophoresis to a crude extract, only about 1000 of the most abundant proteins
can be detected; on the other hand, after preliminary fractionation, a subsequent
2D gel-electrophoresis will be more sensitive and will enable a more detailed
insight of a specific protein present at very low levels.
Separation of proteins from a complex mixture can be performed using affinitybased protein purification, reversed phase - HPLC ( separation based on
differences in hydrophobicity) or gel-electrophoresis ( one or two dimensional).
In gel-electrophoresis, separation is often based on differences in iso-electric
points (IEP: the netto charge is zero at a certain pH in a pH gradient gel with
an electric field), or on differences in molecular weight, for example in SDSPAGE where disulfide-bridges are hydrolyzed by mercapto-ethanol. These
separations allow the visualization of very low levels of a specific protein. Two
dimensional gel-electrophoresis based on IEP and SDS-PAGE is a very suitable
tool to visualize protein sizes varying from 10 to 300 kDA, and because virtually
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all proteins are soluble in SDS, also the extremely basic or acidic proteins can
be visualized this way.

Characterization of the isolated proteins by Mass Spectrometry (MS) . MS is most
effective with peptides having molecular weights of 400-2000 Dalton. However,
this technique has recently been used for the analysis of intact proteins (Liu
and Schey, 2005). Mostly, larger molecules (proteins) should preferably be
digested into smaller fragments (peptides). For example, digestion using
sequence-specific proteases results in a mixture ( "fingerprint") of peptides that
can be separated using 2D-gel-electrophoresis. The principle of (tandem) Mass
Spectrometry (Ishihama, 2005) is that molecules are bombarded with electrons
and degrade in ions that travel through a vacuum electric field towards a detector.
The time of flight mode (in combination with a database) gives information
about the parent ion . The MS/ MS mode has a collision chamber in which the
ion itself is fragmented at the peptide bond, yielding various fragments from
which the amino acid sequence can be derived. Fragmentation of side chains
is also possible, and this could interfere with the sequencing, so this is an
important parameter that should be optimized . MS has replaced the Edman
degradation (N-terminal peptide amino-acid sequencing) because it is much
more sensitive, it has a high throughput, and protein mixtures can be used
although it is preferable to use peptide-size samples. For example, about 10 years
ago it would take approximately 12 hours to perform amino acid sequencing
of a peptide containing 10 amino acids, while applying MS/ MS analysis this
information is obtained in just 2 seconds. Another advantage is that less
chemicals are needed. Figure 1 illustrates the combination of digestion and 2Dgel-electrophoresis.
Differential expression: 2D gel-electrophoresis is often used to detect differentially
expressed proteins of cells in 2 different situations. The protein ( dis )appearance
or change in concentration can be accurately determined (Figure 2) - using
specific software - by comparison of the density of stained protein spots. Selected
spots can be excised (cutout) and analyzed further for identity.

4. Direct analysis of a complex peptide mixture by LC/MS/MS
or 2DE/MS
Liquid Chromatography or 2D gel-electrophoresis separate the peptides derived
from a preceeding protease digestion . MS quantifies and identifies (mass and
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Figure 1. Digestion followed by 2D-gel-electrophoresis.

sequence) each peak using a peptide database. Using gel density results, it is
possible to quantify the amounts of protein. Alternatively this could be done
on the basis of HPLC profi les. Figure 3 illustrates these approaches.
Quantification using densitometry on 2D gels is not very sensitive; on the other
hand, labelling with isotopes or affinity tags (!CAT) (Goodchild et al., 2005)
is more sensitive and reliable. Affinity tags are molecules that are coupled via
a linker chain to a reactive group of a peptide of interest (eg. su lfhydryl specific)
(Figure 4). The "linker chain" is used to distinguish treated (light Mw chain)
and untreated (heavy Mw chain), and the affinity tag facilitates the purification
step from the complex crude protein mixture, as illustrated in Figure 5.
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Figure 2. Use of 2D gel-electrophoresis to detect differential expression of proteins.
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Figure 3 . Peptide fractionation and sequencing by (a) reversed phase HPLC and
MS, and (b) 2D gel-electrophoresis, excision, digestion, and MS.
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Figure 4. Isotope-Coded Affinity Tags {ICAT) for quantification.
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Figure S. Application of ICAT in quantification and sequencing mixtures of
control {"healthy") and modified {"diseased") proteins.

Of course it is of major importance that affinity tags are not fragmented in the
MS, as this would obstruct sequence analysis. Another point of concern is that
the tag itself ( approx. 450 Dalton) is relatively large (depending on the size of
the peptide) causing reduced flexibilty in analysis (shift in retention times during
HPLC elution or gel-electrophoresis) prior to characterization. To minimize this
problem, the concept of "cleavable ICAT" was developed (Sethuraman et al. ,
2004) . This has the advantage that, after cleavage with TriFluoroAcetic acid, th e
size of the molecule is about 50 % compared to normal ICAT, and thus, can
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overcome size related problems. It also results in high quality MS data and
facilitates analysis of larger peptides. The principle is that between the peptide
of interest and the affinity tag, a cleavable linker and an isotope coded tag is
inserted. After cleavage, only the isotope labeled tag is attached to the peptide,
facilitating quantification .

5. Unraveling protein complexes contributing to pathways of
interest
For the study of protein complexes involved in the biosynthesis of various
compounds, often the focus is on membrane-bound complexes. Strategies are needed
to (a) determine all composing members of a specific complex, and (b) to verify
whether e.g. mutant complexes are correctly assembled and retain their activity.
Among the membrane-bound proteins, different classes - integral, peripheral,
and anchored proteins - can be distinguished. These classes are associated with
the lipid bilayer in various ways. Possible biological advantages of association
of proteins with the membrane, are that the complexes are immobilized and
therefore could carry out sequential steps ofbiosynthesis much more efficiently,
by way of substrate channeling (Figure 6) .
How can these protein complexes be isolated intact? If regular solubilization
procedures are followed, the complexes will disintegrate and as a result, some

Figure 6. Substrate channeling in a membrane-boud protein complex (s = substrate,
a,b,c = intermediates, p = product).
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component proteins may even loose their activity. The approach to follow is
to apply tags to one of the proteins in the complex, and to purify the complex
by affinity chromatography, using anti-tag antibodies. A tag is a short sequence
which is fused to the gene of interest, in order to allow affinity purification of
the encoding protein, without denaturing the complex. Various tags have been
developed, such as TAP (Tandem Affinity Purification tag) (Kaneko et al., 2004).
After having obtained the purified protein complex, it can be denatured to release
its member proteins, which can be identified using the MS approaches
mentioned earlier.

6. Outlook
Proteomics has developed into a valuable tool to study gene functions at protein
level. As it may be expected that the technique will become even more sensistive
and specific, it may be foreseen that in particular, the studies on functionality
of protein-protein interactions will have a great impact on life sciences.
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