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2D Two dimensional
b-gal b-galactosidase
bp base pair
CZE capillary zone electrophoresis
ESI electrospray ionization
EST expressed sequence tag
FTMS Fourier transform mass spectrometer
HPLC high-performance liquid chromatography
i.d. inner diameter
ICAT isotope-coded affinity tag
IPG immobilized pH gradient
MALDI matrix-assisted laser desorption ionization
MHC major histocompatibility complex
Micro-ESI microelectrospray ionization
MS/MS tandem mass spectrum
MS mass spectr(um/ometer)
MW molecular weight
Nano-ESI nanoelectrospray ionization
o.d. outer diameter
ORF open reading frame
ppm parts per million
psi pound per square inch
PVP-40 polyvinylpyrrolidone
RF radio frequency
SAGE serial analysis of gene expression
SNP single-nucleotide polymorphism
SPE solid-phase extraction
TOF time of flight

INTRODUCTION

The astonishing pace of scientific discovery in the twentieth century has had direct
implications on our daily lives. The increase in quality of life and in life expectancy
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seen in the industrialized countries correlate with the discoveries made in medicine and
biological sciences (Fig. 1.1). At the onset of the twentieth century, medicine and
biology were descriptive sciences aimed at understanding macroscopic phenomena. By
the end of the century, these sciences had accessed the micro and nanoscopic worlds
with an increased understanding of the implications involved in the biological processes
of our lives. The dawn of the new millennium is ushering in a new paradigm for under-
standing system biology and complex multigenic diseases, as well as the accumulation
of massive amounts of genomic information.

In the last quarter of the twentieth century, a few visionaries realized that all the
parts were available to create a deoxyribonucleic acid (DNA) sequencing engine that
would become capable of sequencing the human genome. Numerous sequencing proj-
ects were started with the promise of creating technology to accelerate the pace of
sequencing. It took longer than expected to fill this promise, but by the end of the twen-
tieth century new technologies were available to accelerate the pace of sequencing 
(Fig. 1.2).

In particular, instrumentation was developed to sequence large genomes in rea-
sonable time periods (Dovichi, 1997). This instrumentation provided the framework for
developing comprehensive approaches to heighten our understanding of diseases and
biology. Furthermore, it was quickly realized that the complexity of biological
processes could not be resolved only with genomic sequencing. It became apparent that
the diseases remaining to be cured were increasingly more complex, were often trig-
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Figure 1.1. Life expectancy in the United States from 1900 to 1999. The data were averaged

according to gender and race and smoothed for a 3-year period. Data were obtained from
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gered by a series of genes, and were dependant on the genetic makeup of individuals.
Genomic sequencing can rapidly provide the list of the parts of the genome, but it
cannot provide the instruction on how these parts fit together. This insufficiency created
a disproportion between the amount of information available and the tools available for
large-scale studies of molecules involved in biological processes.

Conventional biochemical approaches were relied on to access the functions and
interactions of translated material. The key to capturing the value of the human genome
is to find approaches that can rapidly link the genomic information to drug discovery
and diagnostics. The development, however, of high-throughput tools for assessing the
expression levels and functions of transcripted and translated genetic materials has
globalized the study of cellular processes that may provide the link between genomic
information and drug discovery and diagnostics.

Deoxyribonucleic Acid to Ribonucleic Acid

A series of tools became available for the rapid and quantitative analysis of expression
levels in ribonucleic acid (RNA). For example, the emergence of the DNA/RNA array
technology and the serial analysis of gene expression (SAGE) have facilitated the acqui-
sition of quantitative expression profiles for complete sets or subsets of RNA (Desprez
et al., 1998; Marshall and Hodgson, 1998; Ruan et al., 1998; Service, 1998; Velculescu
et al., 1995; Madden et al., 1997; Matsumura et al., 1999, Neilson et al., 2000; Lal 
et al., 1999; Stein et al., 2004; Weeraratna et al., 2004). Different RNA expression pro-
files can be acquired using these techniques, and genes that are “up”- or “down”-
regulated when comparing different cells or different cell states can also be detected.
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Figure 1.2. Number of completed and expected to be completed genome sequencing pro-

jects from 1995 to 2004. The intensification of sequencing efforts is visible from 1999 forward.



Already, with one step away from the genomic sequence, a tremendous amount of infor-
mation is extracted by studying RNA.

It is clear that these high-throughput DNA/RNA screening technologies provide a
rapid and quantitative overview of the genes that are differentially expressed. It turns
out, however, that the RNA expression on its own is not sufficient for understanding
biological processes and gene functions. Evidence has been collected from different
research groups (Gygi et al., 1999b; Gygi and Aebersold, 1999; Anderson and 
Seilhamer, 1997; Futcher et al., 1999) indicating that the expression of RNA has a 
poor linear relationship with the changes happening at the protein level (Fig. 1.3) while
other experiments indicate a good correlation for higher abundance proteins (Kern 
et al., 2003). This is due to the numerous regulation mechanisms in place during 
protein expression and postexpression.

Furthermore, a recent large-scale study of the yeast genome has clearly demon-
strated a poor relationship between DNA chip results and protein expressions (Ross-
Macdonald et al., 1999). This study, performed by transposon tagging and gene
disruption, found 31 meiotic genes, which were detected at the protein level by “in-
frame” lacZ fusion and assay for b-galactosidase (b-gal) activity. Out of the 31 meotic
genes, only 17 had been previously reported to be induced by at least twofold during
sporulation. This was achieved by detection based on the DNA microarray represent-
ing all the annotated open reading frames (ORFs) in yeast. For the remainder of the
meotic genes, the DNA microarray analysis failed to find any significant induction
during meiosis. Therefore, not only is the relationship between the expression level of
RNA and the expression level of proteins a complex matter, but it is also misleading
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Figure 1.3. Correlation between protein and mRNA levels in S. Cerevisiea. (a) Correlation

between protein and mRNA levels for 106 genes in yeast. The inset shows the low-end portion

of the main figure. The Pearson product moment correlation for the entire data set was 0.935

and 0.356 for the inset. Reproduced with permission from Gygi et al. (1999). (b) Correlation

of protein abundance with adjusted mRNA abundance in yeast. The Pearson product moment

is 0.76. Reproduced with permission from Futcher et al. (1999).



to rely solely on the RNA expression patterns to predict cellular functions. Clearly, the
amount of protein related to a gene can dramatically change without any change in 
the RNA expression level if this is achieved through downstream regulation 
mechanisms.

Ribonucleic Acid to Protein

Although serious efforts have been made to develop efficient genomic technologies,
the study of proteins cannot be avoided in the quest to understand biological processes.
The justification for studying proteins goes even deeper than just the lack of correla-
tion between the expression levels of RNA and proteins. The presence of posttrans-
lational modification, posttranslational truncation of proteins, and protein–ligand 
interactions are a few examples that illustrate the complexity at a protein level.

The study of proteins has always been done on a relatively small scale, partly
because of the lack of methods to unambiguously and easily verify the protein iden-
tity. Experiments had to be carried out with great care to ensure that only the protein
of interest was isolated. All of this has changed over the last 10 years with the devel-
opment of technology capable of performing large-scale analyses and identification of
proteins (Issaq et al., 2002; Wang and Hanash, 2003). This achievement has opened the
door for comprehensive studies of proteins related to a genome (proteome) (Wilkins et
al., 1996a).

PROTEOME HANDLING IN CLASSICAL AND 
FUNCTIONAL PROTEOMICS

Two-dimensional (2D) gel electrophoresis is typically used in profiling proteomic
studies, and its most popular implementation is the differential displays of proteins
expressed under different conditions. It turns out that conserving the proteome to obtain
a truly representative 2D gel pattern is not trivial, and this is probably the most impor-
tant experimental step in proteomic studies. For example, great care must be taken
during the extraction of cells from their environment and during cell lysis to reduce 
the influence of the sample extraction protocol on the observed state of the proteome.
Mistakes are often made while manipulating a proteome, thus seriously affecting the
conclusions from the experiments. Therefore, the history of the sample is a prerequi-
site in order to assess the validity of a sample.

PROTEIN PURIFICATION

The extraction of protein from a cell lysate is a critical step for establishing a stable
proteome. It is well known that once the cells are lysed the enzymes that would nor-
mally be compartmentalized are brought in contact with other proteins and then rapidly
degrade the proteome. Fortunately, sets of well-characterized methods are available to
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cover the majority of the needs in protein extraction from cells. The harvesting of
soluble proteins is simply performed by lysing the cells and collecting the supernatant.
Different cell lysis methods are easily accessible (see www.expasy.ch). It is best to
choose the simplest approach that is directly compatible with the immobilized pH 
gradient (IPG) isoelectric (i.e., minimum salt and ionic surfactant contents).

The current protein extraction protocols are not universally applicable to all bio-
logical samples, and they have limitations in terms of the protein representation in the
extracted proteome. First, hydrophobic proteins are not easily extracted and represented
on a 2D gel pattern (Wilkins et al., 1998). Figure 1.4 shows the number of proteins
visualized on a 2D gel of Saccharomyces Cerevisiae versus the gravy hydrophobicity
scale. Clearly, a significant portion of the predicted proteins in a proteome is hydropho-
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Figure 1.4. Hydrophobicity vs. protein observed. (a) The gravy index was calculated for all

the known yeast ORF. (b) The gravy index was calculated from some of the observed proteins

on a 2D gel electropherogram. Data were compiled from Gygi et al. (2000) and Perrot et al.
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bic in nature; however, the compilation of the proteins that have been identified by 2D
gel electrophoresis and mass spectrometry indicate a serious lack of hydrophobic pro-
teins. This means that 2D gel electrophoresis fails to display the hydrophobic portion
of the proteome. In recent years, significant efforts from the group of Rabilloud (Adessi
et al., 1997; Blisnick et al., 1998; Chevallet et al., 1998; Goldberg et al., 1996; 
Rabillout, 1998; Rabillout et al., 1999; Santoni et al., 1999; Tastet et al., 2003; Luche
et al., 2003) provided improved protocols and chemicals for the recovery of hydropho-
bic proteins. The extraction of hydrophobic proteins, however, is still a considerable
challenge in proteomics. Comprehensive reviews have been published on the extrac-
tion and solubilization of proteins from biological samples for 2D gel electrophoresis
(Dunn and Corbett, 1996; Rabillout, 1996, 2002; Ramagli, 1999).

Current protein extraction protocols often fail to provide a unique proteome. 
This is particularly a problem when dealing with tissues that are composed of many
different cells at different stages and each having its own proteome. Classical 
protein extraction techniques would lyse the whole tissue or tissue fraction generating
a scrambled proteome composed of all the original proteomes. Recent proteomic studies
have clearly indicated that the cellular diversity within a biological sample, and the
protein localization within cells greatly impact the conclusion of a proteomic study. 
The present challenges related to the level of cellular mass complexity are presented
below.

Cell Culture

Cultured cells have been the most popular source of protein for proteomic studies. They
are mainly used because they can provide a wealth of information that is often diffi-
cult to obtain from tissues and primary cultures. Furthermore, cell cultures are easily
accessible at large curated collections of cells, such as the American Type Culture 
Collection (www.atcc.org).

Another significant advantage of cell culture over tissue material is the controlla-
bility of the environment and the growth conditions, as well as the potential to use dif-
ferent stimulations. Furthermore, cultures are usually obtained from single colonies and
are homogeneous, thus greatly reducing the complexity of the proteome. Moreover, the
culture growth and the lysis conditions are also controllable, which significantly 
minimize batch-to-batch fluctuations and artifacts in the proteome. To date, cell cul-
tures provide the most controllable environment to perform proteomic experiments.

Other Source of Samples

Proteomes have also been analyzed from more complex samples, such as clinical
samples, plants, and animals (Ostergaard et al., 1997; Wimmer et al., 1996; Lubec et
al., 2003; Aebersold and Mann, 2003). The conclusions, however, that can be reached
from such samples are often affected by many parameters that are not easily control-
lable. Typically, large numbers of samples need to be studied for any hope of finding
the relevant proteins. Many factors increase the complexity of the analysis. The first
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factor is the methodology used to extract and store the clinical samples. The failure of
clinical samples in proteomics is often traced back to the first step in the study, that is,
the extraction and storing of the clinical samples. The proteome can often be seriously
changed due to extended storage at room temperature. Even though large collections
of clinical samples have been established, they are often of limited value for proteomic
studies because they were not stored properly shortly after their extraction. Proteomic
studies often require the revision of methodology for clinical and other samples.

Once proper methodologies are in place to limit the effects of sample isolation 
on the proteome, other factors can still make the study difficult. Tissue samples are 
heterogeneous in nature (i.e., composed of different cell types, volumes, and cell ratio
compositions). This can cause large variations in the protein contents within the same
tissues and for tissues of different sources. In reality, tissue samples are composed of
many different proteomes. The lysis of these samples generates a scrambled mixture
of proteomes. Therefore, multiple experiments need to be performed in order to extract
the relevant proteins, or else the scrambling of proteomes will shadow the important
proteins, thus making it impossible to interpret the results.

Examples are available that demonstrate the feasibility of extracting valuable infor-
mation from scrambled proteomes. In a proteomic study of bladder cancer, Ostergaard
and co-workers (Ostergaard et al., 1997; Wimmer et al., 1996; Celis et al., 1999) have
demonstrated that new disease markers associated with the different cancer stages can
be determined. They processed hundreds of well-preserved bladder cancer. By apply-
ing a proteomic approach, they found a handful of proteins that were differentially
expressed during the different progression stages of the disease. Antibodies were raised
against these protein markers (mainly keratinocyte markers) and were then used as a
diagnostic tool to ascertain the different cancer stages within cryostat sections of 
biopsies from bladder cystectomies. Although the study was successful, the identified
disease markers were actually high abundance proteins, and their changes in expres-
sion would be noticeable in scrambled proteomes. In any case, it would have been 
significantly more difficult to identify low- to mid-abundance proteins involved in 
the disease.

Two-dimensional gel-based analysis also introduces a third limiting factor that is
related to the sample capacity of the technique (See Table 1.1). Typically, up to 100 mg
of proteins are used during 2D gel electrophoresis. It is known that 2D gel elec-
trophoresis can at least separate up to 11,000 proteins. That would represent about 9ng
for every protein, which is in the low subfemtomole level for most proteins displayed
by 2D gel electrophoresis. In most cells, however, about 10 percent of the proteins rep-
resent 90 percent of the protein mass, while the remaining 90 percent of proteins rep-
resent only 10 percent of the protein mass. Assuming that cells express about 10,000
proteins, then the mid- to low-abundance proteins would only be, in the best case sce-
nario, at about 1ng on the gel. In reality the number would be even less because of the
sample losses associated with 2D gels and low-abundance proteins. In a recent study,
Gygi et al. (2000) demonstrated that for a typical 2D gel of yeast, protein identifica-
tion could not be achieved for proteins with a codon bias of less than 0.1, thus indi-
cating the lack of identification of low-abundance proteins. Furthermore, they
demonstrated that they could discover low- to mid-abundance proteins on a 1D gel, but
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only once the sample load had been significantly increased. The difference in sensitiv-
ity of different proteomics approached applied to yeast was recently illustrated 
(Ghaemmaghami et al., 2003).

The technique of 2D gel separation of proteins isolated from complex tissue
samples has been performed for over 30 years, and recently, tools have been developed
to allow the identification of these proteins. These tools have now been integrated in
high-throughput platforms to allow serious study of proteomes. As proteomics moves
from cell culture to primary cultures and tissues, it is important to keep in mind that
these samples when used with conventional solubilization approaches produce complex
mixtures of proteomes, each corresponding to an individual subpopulation of cells. The
resulting scrambled proteome can be very difficult to make any sense of even with large
population studies.

Subpopulation of Cells

The fractionation of subpopulation of cells from tissues can reduce the complexity of
the proteome. Without cellular fractions it is very likely that the information generated
will be meaningless. This is clearly illustrated in Table 1.1. The different cell compo-
sitions drastically affect the observed protein levels. Interestingly, the proteins that are
not significantly different in concentration are not scrambled, while the ones that are
significantly different are seriously scrambled.

Thus, it is important to know the cellular composition of the tissue being handled
and if necessary to use fractionation of subpopulations of cells. Laser capture micro-
dissection is increasingly being used in proteomics studies (Banks et al., 1999; 
Sirivatanauksorn et al., 1999; Emmert-Buck et al., 2000; Ornstein et al., 2000). As well,
immunomagnetic techniques using immobilized antibodies specific to certain cell types
have been investigated to separate cellular populations for proteomic studies (Clarke
et al., 1994; Gomm et al., 1995). For example, Page et al. (1999) utilized the technique
of immunomagnetic beads to separate cells based on immobilized antibodies that 
bind to known cell surface markers and followed by a magnetic pull down of the 
beads.
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TABLE 1.1. Effect of Different Cell Composition and Protein Concentration on the Level of
Protein Observed

[ ] in Cell [ ] in Cell
% of Cell That Are X

X Y 10 30 50 70 90

Observed protein concentration
Protein 1 1 1 1 1 1 1 1
Protein 2 2 1 1.1 1.3 1.5 1.7 1.9
Protein 3 5 1 1.4 2.2 3 3.8 4.6
Protein 4 10 1 1.9 3.7 5.5 7.3 9.1
Protein 5 100 1 10.9 30.7 50.5 70.3 90.1



Subcellular Components

The complexity of specific proteome can also be reduced to the subcellular level. The
enrichment of subcellular components, such as the organelles and plasma membrane,
reduces the complexity of the proteome while increasing the likelihood of observing
lower abundance proteins (Howell et al., 1989; Jung et al., 2000; Brunet et al., 2003).
We have come to realize that in many instances it would not be possible to distinguish
compartment proteins using conventional whole-cell protein displays by 2D gel elec-
trophoresis due to dynamic range limitation.

Free-flow electrophoresis and density gradients are the classical approaches to sub-
cellular fractionations. An interesting example of the utilization of density gradient 
separation in proteomics was provided by Fialka et al. (1997). They isolated subcellu-
lar compartments from murine mammary epithelial cells (EpH4) by continuous sucrose
gradient centrifugation. This was then followed by high-resolution 2D gel elec-
trophoresis on the proteins recovered from the sucrose gradient centrifugation. They
were able to obtain 2D gel electropherograms of the late endosomes, early endosomes,
and the majority of the rough endoplasmic reticulum. This study did not utilize mass
spectrometry to systematically identify the isolated proteins.

Garin et al. (2001) utilized latex beads that are incubated with mouse macrophage-
like cell line generating phagosomes that contain these latex beads. The phagosome can
then be easily purified using a simple flotation approach. The proteins contained in the
phagosome were then separated by 2D gel electrophoresis and the isolated proteins 
analyzed by mass spectrometry. The end result was the discovery of over 140 proteins
associated with the latex bead containing phagosomes.
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TABLE 1.2. Cell Culture and Estimated Protein Levelsa

Number of Nanogram Expressed Total Mass of
Cell Culture Copy/Cell Mole for a Protein of 70kDa Proteinb

107 10 0.16 fmol 0.01 6.5mg
100 1.6 fmol 0.1

1,000 16 fmol 1
10,000 160 fmol 10

108 10 1.6 fmol 0.1 65 mg
100 16 fmol 1

1,000 160 fmol 10
10,000 1.6pmol 100

109 10 16 fmol 1 650 mg
100 160 fmol 10

1,000 1.6pmol 100
10,000 16pmol 1,000

a Gray area indicates level of proteins that can be detected on a silver-stained 2D gel.
b Assumption 1: 90% of the protein mass is representing 10% of proteins highly expressed (>1000 copy/cell).
About 10,000 proteins are expressed.
Assumption 2: 60% of the protein mass is representing 10% of proteins. About 10,000 proteins are expressed.



An alternative approach was also presented for the recovery of specific compart-
ments based on immunomagnetic purification (Perrin-Cocon et al., 1999; Sarto et al.,
2002; Himeda et al., 2004). In their specific application, Perrin-Cocon et al. (1999) iso-
lated intracellular compartments containing endocytosed antigens. The magnetic beads
were first covalently attached to a tetanus toxin. The beads were then incubated with
U937 cells, allowing the antigen to bind to its receptor. The internalization of the
microbeads by the cell was achieved by means of pinocytosis or receptor-mediated
endocytosis. The compartments containing the beads were then isolated by the 
application of a magnetic field. After extensive washes, they were lysed, and their
protein content was displayed by 2D gel electrophoresis. Figure 1.5 shows the 2D gel
electropherogram obtained for the magnetic purified fraction and for the postnuclear
supernatant. About 20 different proteins appeared to be enriched in the isolated 
compartments.

PROTEIN SEPARATION BY TWO-DIMENSIONAL 
GEL ELECTROPHORESIS

After carefully assessing the best method to extract the proteome from its medium, the
second challenge is to extract information from the proteome, which generally starts
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Figure 1.5. Subcellular localization: Magnetic purification. Tetanus-toxin-coated microbeads

were incubated with U937 cells for 15min at 37°C with chased 2h. Then, the compartments

that contained the magnetic beads were magnetically isolated. Two-dimensional gel electro-

pherograms were obtained for the magnetic fraction (a) and for the whole-cell lysate. Repro-

duced with permission from Perrin-Cocon et al. (1999).



by separating the proteins contained in the proteome. Some proteomes are relatively
small, containing a few hundred proteins or less, while others contain thousands of pro-
teins. One-dimensional (1D) separation techniques do not have the resolving power to
separate complex mixtures. The combination, however, of orthogonal separation tech-
niques can provide the required resolving power. Furthermore, it is important that the
quantitative aspect of the proteome be conserved through the separation technique.
About 30 years ago, a technique called 2D gel electrophoresis was introduced, and this
technique satisfied the resolving power requirement while conserving the quantitative
aspect of the proteome. Two-dimensional gel electrophoresis has been the method 
of choice for the large-scale purification of proteins in proteomic studies. The 2D gel
electrophoresis method can potentially separate several thousand proteins in a single
experiment (Gorg et al., 1988; Klose and Kobalz, 1995). Although the predictions for
the number of genes in some genomes are high, it is generally believed that the number
of genes expressed is, on average, between 5000 and 15,000 per cell type. However,
these genes can lead to many forms of proteins, greatly increasing the complexity of
the proteome. Protein separation can now be achieved as low as 0.1 isoelectric point
(pI) unit and 1kDa in molecular weight (MW).

Principles of Two-Dimensional Gel Electrophoretic Separation

Most people are not aware that 2D gel electrophoretic separation can be performed in
different modes. In proteomics, the overwhelmingly popular implementation of 2D gel
electrophoresis is the separation of the proteins according to their pI in the first dimen-
sion, followed by their separation according to the MW in the second dimension.
Clearly, the combination of pI and MW separation offers a truly orthogonal separation
technique, which is reflected by the unsurpassed resolving power of 2D gel 
electrophoresis.

Although 2D gel electrophoresis is a powerful separation technique, it was also
initially very tedious and irreproducible. In fact, it was not clear in the late 1970s and
early 1980s if the technique would become widely applied and if it would survive. For-
tunately, the problems related with reproducibility were greatly reduced in the mid-
1980s when the immobilized pH gradient was introduced, and it became commercially
available (IPG strip) (Righetti and Gianazza, 1987; Righetti and Bossi, 1997a, 1997b;
Righetti et al., 1983; Gorg, 1993; Fichmann, 1999; Matsui et al., 1999b; Sanchez et al.,
1999). In the mid-1980s it was realized that the pH gradient could be immobilized 
and stabilized by copolymerizing different acrylamide monomers carrying ampholyte
properties with acrylamide and low levels of cross-linkers. Although the mixture of
ampholytes can be relatively complex, a simple system and a computer algorithm were
used to, respectively, cast the IPG strip and to accurately predict the pH profile across
the strip. IPG strips with various pH gradients and integrated instruments to perform
isoelectric focusing became commercially available. The tediousness, however,
involved in the technique is still present today, and, although the technique is definitely
applied in proteomic groups, it has not been fully implemented in daily biological
experiments.
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The commercial IPG strips are typically available in a dried form, sandwiched
between two polymer cover sheets. The first step in using these strips is to remove one
of the polymer covers and to inspect the strip for uniformity of the IPG. The peeling
of sections of the strips has caused a higher rate of IPG strip rejection in recent years.
Once a suitable IPG strip is found, it is first reswelled using a mixture of the protein
extract with a loading buffer (Sanchez et al., 1999). This ensures that the protein mixture
is uniformly distributed across the whole IPG and limits precipitation due to the excess
of proteins in specific areas of the gel. The addition of a small electric field across the
strip improves the transfer of the proteins to the IPG strip. Once the strip is reswelled,
then an increasingly larger electric field is gradually applied across the IPG (Righetti
and Gianazza, 1987) (Fig. 1.6). The proteins that are positively charged (i.e., in the area
of the strip with pH below their pI) move toward the cathode and encounter an increas-
ing pH until reaching their pI, at which point they will be neutral. The proteins that are
negatively charged (i.e., in the area of the strip with pH above their pI) will move toward
the anode and encounter a decreasing pH until reaching their pI. Every protein is con-
centrated and constantly focused at their respective pI. In theory, the higher the elec-
tric field and the longer the focusing is performed, the better the separation. Practically,
the power supply, the presence of salts in the sample, and electroosmotic pumping will
limit the performance of the separation. We have found that a separation involving
50,000 to 75,000Vt ¥ hour is sufficient for the types of samples we have handled. These
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numbers were typically achieved after 12 to 20h of focusing. It is important to remem-
ber that these numbers need to be adjusted for different proteomes and to keep the time
frame of the experiment reasonable.

The second dimension for the 2D separation is typically prepared during the focus-
ing of the first dimension; however, it can also be precast and stored in a fridge with
an appropriate buffer for 2 to 3 weeks with no separation problems. The second dimen-
sion is generally formed by pouring and polymerizing an acrylamide solution in
between two glass plates, spaced using 1- to 1.5-mm spacers. After proper equilibra-
tion of the IPG strip performed by in-gel reduction and alkylation of the proteins, the
strip is applied to the second dimension. Different systems are available for the second
dimension. Some systems provide gels that are slightly larger than a sheet of paper or
even larger. The strip can also be cut in different parts and applied to minigels. Regard-
less of the size of the gel, it is necessary that a tight contact between the strip and the
gel be maintained. An electric field is then applied across the gel and the proteins
migrate into the second dimension where they are separated according to their MW.
Again, systems are commercially available to run the second dimension, and precast,
larger gels were recently introduced.

Detection of Proteins Separated by Two-Dimensional 
Gel Electrophoresis

The ability to detect proteins separated by 2D gel electrophoresis is crucial to its appli-
cation in proteomics. Over the years different methods have been developed to visual-
ize proteins separated by gel electrophoresis (Rabilloud, 2000) (Fig. 1.7). Although
different chemistries are used, the methodology involves either labeling the proteins
prior to the separation, labeling the proteins after the first dimension (Jackson et al.,
1988; Urwin and Jackson, 1991), or labeling the proteins after the second dimension.
Labeling the protein before and after 2D gel electrophoresis has been the dominant
approach to the visualization of proteins.

Prelabeling of Proteins. Prelabeling of proteins prior to 2D gel electrophore-
sis is often performed by adding radioisotopically labeled amino acids to the growth
medium of cells to provide in vivo labeling of proteins (O’Farrell, 1975). Typically,
35S-methionine is incorporated in the culture medium for the radiolabeling of proteins.
The protein mixture is then separated by 2D gel electrophoresis and visualized using a
film or a phosphor imager screen. The radioactivity level used in the in vivo labeling
approach cannot be applied for the study of human and animals.

Another common approach to the prelabeling of proteins is the derivatization of
the proteins using neutral covalently attached fluorescent dyes. These dyes are cova-
lently attached to the proteins prior to 2D gel electrophoresis (Urwin and Jackson,
1993). Because they are not charged, these dyes have the advantage of minimally 
disturbing the isoelectric properties of the proteins. The sensitivity of the approach,
however, suffers because of poor absorption and inadequate quantum yields. Novel 
fluorescent dyes provide nanogram levels of sensitivity for proteins separated by 2D
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gel electrophoresis (Unlu et al., 1997; Tonge et al., 2001; Yan et al., 2002). One dis-
advantage of this approach is the requirement for a fluorescence detection system and
the requirement for an automated spot picker for any further processing of the indi-
vidual protein spots.

Postlabeling of Proteins. The postseparation detection of proteins has been 
by far the most preferred route for the visualization of 2D gel-separated proteins. In
particular, colloidal coomassie staining and silver staining are the methods of choice
because of their ease of use and sensitivity. Colloidal coomassie staining typically pro-
vides a limit of detection (LOD) at about 25 to 50ng of protein (Smith, 1994; Matsui,
1999a), while silver staining routinely provides limits of detection of about 5ng of
protein (Rabilloud, 1990, 1999; Rabilloud et al., 1994; Blum et al., 1987; Richert et al.,
2004).
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Figure 1.7. Staining approaches for 2D gel electropherogram. Comparison of sensitivities for

different staining methods. A series of 2D gel electropherograms of 400mg of mitochondrial

proteins were stained with (a) Brilliant Blue G in acid alcohol medium, (b) colloidal Brilliant

Blue G, (c) imidazole zinc, (d) silver, and (e) Sypro Orange (detected with a fluorescence laser

scanner). Homologous spots are marked with arrows. Reproduced with permission from 

Rabilloud (2000).



Silver staining is the most sensitive, direct visualization tool for proteins separated
by 2D gel electrophoresis; however, it is tedious to manually perform. Instruments have
been developed to perform automated silver staining and to significantly reduce the
tediousness of the approach. Recently, an improved protocol for silver staining has been
reported to provide limits of detection down into the subnanogram range. This was
achieved by carefully selecting the chemical utilized for silver staining and by per-
forming an extended rinse of the gel to reduce the background. Each spot on the gel
can contain one or more proteins and can be manually or automatically excised from
the gel for further analysis.

Fluorescence staining has also been reported for postseparation detection of gel-
separated proteins. This technique typically provides a better sensitivity and a wider
dynamic range than conventional colloidal coomassie and silver staining (Steinberg et
al., 1996a, 1996b, 2000; Steinberg, 1997). The fluorescence-based approach, however,
requires the access to a specialized fluorescence-based detection system and access to
gel cutting robots when postprocessing of the proteins is necessary. Systems are now
commercially available to perform the scanning of fluorescently labeled gels and the
extraction of spots for gels.

Software to Handle Two-Dimensional Gel Electropherogram

Differential displays by 2D gel electrophoresis can be extremely tedious and frustrat-
ing when manually performed. The gel can display up to 10,000 spots, and from one
experiment to another the spots can slightly shift on the pI and MW scale, depending
on post-translational modification (PTM), sample processing, and sample composition.
These shifts can become a serious problem for studies that require differential expres-
sion of proteins on an extended number of samples. To approach this problem, a few
software packages have been developed for the alignment of multiple spots. The first
challenge is to accurately detect and localize the positions of thousands of spots on a
gel. Poor spot detection will affect the number of spots detected and their quantitation.
The second challenge is to align multiple gels. This is typically achieved by selecting
marker spots that are common to all the gels, and they are then used to realign the gels
and the position of the spots. Obviously, when more deviations are present from gel to
gel, then the number of markers required is higher. The issues of quantitation of mul-
tiple spots and the display of massive amounts of information also need to be addressed.

Commercial software packages are now available to solve some of these 
problems. In particular, the Melanie package (Wilkins et al., 1996b) from the Swiss
Institute of Bioinformatics (http://www.expasy.ch/ ), the Phoretix 2D software 
from Phoretix (http://www.nonlinear.com/ ), and Gellab II from Scanalytics 
(http://www.scanalytics.com/ ) can be used to analyze 2D gel patterns.

PROTEIN PROCESSING

The information provided by 1D and 2D gel electrophoresis is far from being adequate
to identify proteins. The observed MW on a gel can be easily off by a few thousand
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Daltons. Furthermore, the posttranslation modifications of proteins and the truncation
of proteins can drastically affect the observed MW and pI. Therefore, the information
contained in gels is not conclusive for the identification of a protein, and more infor-
mation needs to be extracted for unambiguous identification. How this extra informa-
tion could be extracted from a protein stock in a gel spot was another challenge to
overcome.

Blot Digestion of Proteins

Obviously, the first approach to the problem would be to remove the protein from the
gel. A technique called electrotransfer, or electroblotting, was specifically designed for
this purpose (Patterson et al., 1996; Aebersold et al., 1986, 1987). Once proteins had
been separated by 1 or 2D gel electrophoresis, they could be readily transferred to a
binding membrane, such as nitrocellulose, by simply sandwiching the gel with a receiv-
ing membrane and applying an electric field perpendicular to the plane of the gel. The
proteins contained in the gel migrate toward the anode and encounter the binding mem-
brane to which they become attached. The pattern of proteins present on the blot can
then be visualized using a staining method such as coomassie or silver staining. In this
manner, the separation profile on a gel can be transferred to a blot membrane with
fidelity and be available for chemical/enzymatic treatment.

Electroblotting was initially used for protein identification using Edman degrada-
tion. The works of Aebersold pioneered this approach (Aebersold et al., 1986, 1987).
Edman degradation will be introduced below. Basically, the electroblotting approach
linked the gap between Edman degradation and the mainstream approaches for protein
separation, that is, gel electrophoresis.

In the early to mid-1990s mass spectrometry (MS) became an attractive approach
for the identification of proteins using peptides derived from the protein. The MS tech-
niques will be described below. Electroblotting became the method of choice for pro-
cessing proteins for MS analysis. The method was modified to allow the enzymatic
digestion of the protein present on the blot. Once the spots of interest on a blot were
excised, they were treated with a blocking agent such as polyvinglpyrrolidone-40 (PVP-
40). The PVP-40 coats the membrane and allows the enzyme solution to freely access
the blotted protein without binding to the membrane. Interestingly, the action mecha-
nism of the enzyme is a combination of two reactions: a solid-phase reaction while the
enzyme digests the attached proteins and a solution reaction for the further digestion
of the released fragments. The end result is a solution of peptides that has been derived
from the blotted protein. This peptide solution is then directly compatible with MS
analysis.

The utilization of blots for protein identification was the technique of choice in the
mid-1990s; however, it had some obvious limitations. Its foremost limitation was 
the tediousness and time required to perform the experiment. First, the 2D gel of the
lysate of interest had to be produced and then electrotransferred to a nitrocellulose fol-
lowed by staining. It was then followed by the excision of the stained spots and the
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blocking of the spots using PVP-40, which involves a large number of repetitive
washes. Finally, the blotted proteins were digested with trypsin. Altogether, the process
could take about 3 to 4 days depending on the number of spots. To curb the tedious-
ness, fluidic stations could be used to perform the majority of the postblot processing
of the proteins.

The second limitation was the inconsistent quantitative transfer of proteins from
the gel to the blot. This was apparent when comparing stained 2D gel with a similar
stained blot. The rate of transfer of some proteins was high while the rate for other pro-
teins was almost nil. The last important limitation was the carryover of PVP-40 during
the analysis when not enough rinse steps were included after the blocking of the 
membrane.

In-gel Digestion of Proteins

The application of in-gel digestion of proteins for Edman sequencing had been devel-
oped in the early 1990s (Rosenfeld et al., 1992). Its application to the field of protein
analysis by mass spectrometry was first introduced by Wilm et al. (1996). It was an
instant success, and the method rapidly replaced the electroblotting approach. Its main
advantage was the significant reduction in the number of processes required after gel
electrophoresis to obtain digest suitable for analysis. As in the blot approach, a lysate
is separated by gel electrophoresis. The difference now is that the gel is fixed and
stained to highlight the proteins, the spots of interest are excised from the gels, 
properly rinsed, and then the enzyme solution is added to the gel pieces. The trick to
introduce the enzyme into the gel is to shrink the gel pieces and let them swell in an
enzyme solution. After digestion, only a few extraction steps are needed to obtain the
peptides. Obviously, the reduction in labor and the reduction in processes offered by
the in-gel digestion method made it the method of choice for the generation of peptides
from proteins separated by gel electrophoresis.

PROTEIN IDENTIFICATION

Edman Degradation

In the early 1960s a technique called the protein sequenator was presented by Edman
and Begg (1967) for the N-terminal sequencing of proteins. This chemical degradation
technique allowed the extraction of individual amino acids in a cycle-dependant manner
from the N-termini of proteins. The retention time observed by high-performance liquid
chromatography (HPLC) was then used to identify the individual amino acid sequences.
By repeating the chemical degradation cycle, it was possible to obtain the amino acid
sequence at the N-terminus of typically up to 20 amino acids. Using this approach, it
is possible to painfully de novo sequence a protein or to sequence a sufficient length
of the protein to be able to clone the gene. The availability of protein and DNA sequence
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databases has now facilitated the work and allowed protein identification using limited
N-terminal amino acid sequencing.

Protein Identification by Mass Spectrometry

Mass spectrometry has been used in its different forms for the analysis of proteins as
long as the Edman degradation technique. By today’s standard, mass spectrometry was
tedious, slow, and required large amounts of samples. Over the years, however, the idea
of using mass spectrometers to perform protein identification has evolved with the
improvement in instrumentation and in the changes occurring in genomic databases.
The introduction of effective matrix-assisted laser desorption ionization and time-of-
flight (MALDI-TOF) mass spectrometry and electrospray ionization (ESI) tandem mass
spectrometry has revolutionized the field. Manufacturers of these instruments have
“beefed-up” their efforts to produce more instruments for proteomic purposes. There-
fore, when assessing previous reports, it is important to keep in perspective the tremen-
dous amount of change that has occurred in recent years (Table 1.3).

MALDI-TOF Mass Speetrometry
MALDI-TOF: An Evolving Instrument. Simultaneous development in the field

of mass spectrometry has allowed rapid and accurate mass measurements of analytes
by a technique called matrix-assisted laser desorption ionization (MALDI) and time-
of-flight (TOF) mass spectrometry. This technique allows the transfer of peptides from
a solid state to the gas phase, while the TOF mass spectrometer rapidly separates pep-
tides according to their m/z ratio (Fig. 1.8).

Proteins isolated from 2D gel electrophoresis are digested, desalted, and then
spotted on a MALDI plate for co-crystallization with a saturated matrix solution. Alter-
natively, protein digests can be separated by HPLC and eluting peptides deposited on
a MALDI plate. The target plate is then introduced in the vacuum chamber of the mass
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TABLE 1.3. Performances of Different Mass Spectrometers for Protein Identification

Sensitivity ID Based ID Based 
in MS/MS Resolution Cost on MS on M/MS

MALDI-TOF Low 5,000–10,000 Medium Yes Sometimes 
by PSD

MALDI-Pulsar High 10,000–15,000 Medium Yes Yes
ESI-Triple Low 1,000 Medium No Yes
Quadrupole

Esi-Ion Trap Medium 1,000–3,000 Low No Yes
higher in
zoom scan

ESI-FTMS High >50,000 High Yes Yes but slow
ESI-Pulsar High 10,000–15,000 Medium No Yes
and Qtof



spectrometer. An automated translation stage positions individual spots on the axis of
the mass spectrometer as well as at the focal point of a laser. A light pulse from a laser
beam (1- to 10-ns pulse) of a wavelength tuned to the absorbance of the matrix is
focused onto a limited area of the spot. The rapid transfer of energy ejects an ioniza-
tion plume of material from the plate surface and brings along the peptides into the gas
phase. The MALDI plate is biased to high voltages of +20 to +30kV, with respect to
a grounded orifice. This induces the positively charged peptides to accelerate toward
the orifice of the flight tube. The peptides are affected by the electric field during the
time that they are between the plate and the orifice. They reach the orifice with a veloc-
ity proportional to (z/m)1/2. Once they pass the orifice, the peptides have all the same
kinetic energy but not the same velocity because of their different mass. Thus, mole-
cules that have an identical charge will therefore have a velocity proportional to their
masses. Generally, in MALDI the resulting peptide ions are singly charged. Once in
the field-free region of the flight tube, the peptides fly through the tube only according
to their initial velocity at the orifice. The vacuum in the flight tube is such that the like-
lihood of a collision with another molecule while in the flight tube is low. Because the
peptides are usually singly charged, they traverse the flight tube according to their mass
and hit the detector at different time intervals. The mass analyzer, triggered by the laser
pulse, records the signal detected versus the time of flight, which can be readily trans-
formed into m/z ratios if the mass spectrometer is properly calibrated.

In principle, a longer tube infers a better separation of the different masses. Colli-
sions with gas molecules in the path of the analytes would effectively destroy the 
separation. Therefore, the longer the path, the larger the vacuum requirement is 
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Figure 1.8. Schematic of a MALDI-TOF mass spectrometer. (a) Schematic of the linear mode.

In the linear mode a portion of the sample is transferred to the gas phase by a pulsed laser.

Once in the gas phase, the charge molecules are accelerated for a short distance and enter

the field-free region of the tube, where they separate according to their m/z ratio. (b)

Schematic of the reflectron mode. The mechanisms are the same as in the linear mode, except

that a reflectron is placed to refocus the ions toward the detector leading to a higher 

resolution.



imposed to maintain a path free of possible collisions. This is why you will see these
mass spectrometers equipped with sufficient pumping to achieve 10-9 to 10-10 torr.

A second factor that affects the resolution of the separation is the initial kinetic
energy distribution due to the burst of analytes off the MALDI plate. The technique of
delay extraction of the ion and the reflectron were added to the MALDI-TOF to improve
the resolution, based on a more uniform kinetic energy. The delay extraction acts on
the kinetic energy prior to the separation, while the reflectron acts on the kinetic energy
distribution during the time of flight. The delay extraction is simply achieved by 
introducing a time delay prior to the high-voltage biasing of the MALDI plate. This
allows the ions ejected from the plate to kinetically cool down providing improved 
resolution.

The reflectron allows the kinetic refocusing of the ions, which also results in better
resolution. It is normal to obtain a peptide mass accuracy down to 10 to 50ppm and to
obtain a 5000 to 15,000 resolution. The reflectron is a piece of hardware that is placed
in the path of the ions. Therefore, the design of a MALDI-TOF equipped with a reflec-
tron is very different than the conventional MALDI-TOF instrument. Furthermore, 
different designs have been fabricated; however, the principle remains the same. The
reflectron is a set of ring lenses that are stacked together. Increasingly higher potentials
are applied to the rings. In the time of flight each peptide is represented by a pocket of
ions that travel with a small range of kinetic energy (i.e., speed). The ions that are at
the front edge of the pocket have a higher kinetic energy, while the ions at the trailing
edge of the pocket have a lower kinetic energy. The fast moving ions penetrate the
reflectron first and start to feel the repulsing electric field imposed by the reflectron.
Because of their high kinetic energy, they travel further into the reflectron before reach-
ing a point of zero kinetic energy. Then they are reaccelerated by the repulsing field
toward the entrance of the reflectron. Meanwhile, the other ions also enter the reflec-
tron in order of their decreasing kinetic energy. Those ions will travel less of a distance
into the reflectron before their directions are reversed. As a result, the slow moving ions
are now at the front of the traveling pocket, while the fast moving ions are behind. All
the ions then travel back in the field-free region of the TOF tube. While traveling, the
pockets of ions become focused by the higher speed trailing ions catching up to the
slower leading ions. Obviously, the resolution that is achieved is very dependant on 
the positioning of the detector at the focal point of the reflectron. The pocket of ions
will not have time to focus if the detector is positioned too close to the reflectron. Also, 
the pocket of ions will start defocusing if the detector is positioned too far from the
reflectron.

Different Approaches to Sample Preparation for MALDI. Sample prepa-
ration for MALDI is often an art. Numerous protocols have been reported for the spot-
ting of the samples. Here we review the most utilized approaches.

Cleanup Prior to Spotting. The utilization of reverse-phase material, either in
a column format or loosely packed into a pipet tip, has proven to be a useful approach
for the desalting of samples and their separation from polymers prior to MALDI-TOF
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analysis. The properties, however, of the reverse-phase material and the packing need
to be carefully assessed. For example, Ziptips are pipet tips that have a small plug of
extraction material at their distal end. The plug of material is obtained by embedding
dispersed reverse-phase material in a polymeric support. To maintain easy flow of liquid
through the tip, the reverse-phase beads are well dispersed into the embedding polymer
resulting in a low back-pressure. The tips have proven useful for the cleanup of high
to mid levels of peptide mixtures. The dispersion, however, of the reverse beads causes
the extraction efficiency to be diffusion limited, that is, the linear flow is too high com-
pared with the distance that the peptides have to diffuse to reach the packing material.
Therefore, the extraction efficiency drops significantly for lower concentrations of
peptide mixtures, and it can therefore be a challenge to analyze lower amounts 
(<100 fmol) of peptide mixtures.

Spotting Approaches. Over the years different sample preparation methods have
been developed for the analysis of minute amounts of peptides. The most popular
method has been the dried droplet method (Karas and Hillenkamp, 1988). In this
method the peptide mixture of interest is dried down and resuspended in an acidi-
fied water : organic (acetonitrile or methanol) solution saturated with a-cyano-4-
hydroxycinnamic acid. One microliter from this mixture is then deposited onto a
MALDI plate and allowed to dry. Although this is a rapid way of preparing samples,
it does not provide for the most sensitive analysis of peptides.

A second approach termed the two-layer method was recently introduced for the
analysis of peptides (Dai et al., 1999). First, a solution of a-cyano-4-hydroxycinnamic
acid is pipetted on a MALDI plate and allowed to dry to form a microcrystal layer.
Then a solution with the analytes and the matrix is pipetted on top of the first layer and
allowed to dry. Although this approach is more tedious, it offers a better representation
of the peptides, a cleaner spectra, and it can be automated.

Cleanup Post Spotting. A cleanup method can be directly applied on the
MALDI plate either with the dried droplet method or the two layer method. The sample
cleanup method consists of performing a cleanup procedure right after the spotting.
Briefly, a drop of water is added to individual spots on the MALDI plate for a set time
period. The water droplet is then blown away, and the spot is allowed to dry again
before being placed in the MALDI-TOF mass spectrometer. This rinse step allows the
extraction of salts and other hydrophilic molecules from the dried crystal. This often
leads to a decrease in background, therefore an increase in signal/noise ratio. The timing
of the rinse is important to avoid unnecessary loss of hydrophilic peptides.

On-Plate Concentration. As mentioned previously, mass spectrometers are
concentration-dependant devices. MALDI is more complicated because the ionization
process and the involvement of the matrix are not clearly understood. It appears that
an increase in the analyte concentration on the surface of the MALDI plate might
improve the signal observed; this, however, would only work well if the sample can be
sufficiently cleaned up. The amount of sample is limited, so the only way to increase
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the concentration is to limit the size of the MALDI spot. MALDI plates were devel-
oped with spotting sections of small diameters that are hydrophilic, while the rest of
the plate is hydrophobic. When a drop of peptide solution is deposited onto the spot,
the hydrophobic surroundings and the surface tension force the droplet to take a shape
that limits its contact with the surface. As the droplet dries, it focuses into the small
hydrophilic patch. The end result is the concentration of a large volume into a small
area on the MALDI plate. In itself, this is not sufficient to provide significant improve-
ment because the contaminants, usually salts, are similarly concentrated. The addition
of an on-plate cleanup (drop of water method) helps to remove salts while retaining
peptides in the crystal. The drop of water is then blown away.

Protein Identification by MALDI-TOF: A Moving Target
Using Accurate Protein Mass Measurement. It was believed that protein

identification could be achieved based on the accurate measurement of the protein MW.
But, it was quickly realized that the growing size of databases and the accuracy of the
mass measurement limited the unambiguous identification of proteins based on their
MW. The information carried by the protein MW was insufficient to identify the protein.
It was then realized that unambiguous identification of a protein could be readily
achieved by accurately measuring the masses of the peptides contained in a protelytic
digestion of the protein. Clearly, in itself, the mass of an individual peptide derived
from a protein is inadequate to identify the protein, although, the masses of a large set
of peptides derived from the same protein is often sufficient to identify the protein.
MALDI-TOF MS is the method of choice for the measurement of peptide masses;
however, MALDI-TOF MS experiments must be carefully designed to preserve the
mass accuracy. In MALDI-TOF, the ions are accelerated for a short distance, and then
they freely fly in the TOF tube, sometimes up to a few meters. It is generally assumed
that the acceleration space is constant; however, any errors on the acceleration space
are propagated in the time of flight and thus affect the accuracy of the measured masses.
In reality, the plate fidelity, the positioning, and tilt of the plate holder can slightly
change the acceleration space and, therefore, can affect the mass accuracy. Approaches
have been developed to reduce this phenomenon. This is normally achieved by adding
an internal standard to the sample or correcting the masses by scanning an external 
calibrant near the sample spot on the MALDI plate. 

Protein Identification by MALDI-TOF and Accurate Peptide Masses. The
identification of proteins by MALDI-TOF mass spectrometry is generally achieved by
measuring the m/z ratio of the peptides predominantly of charge +1. The combination
of accurate peptide mass measurement with the availability of protein sequence data-
bases forms the basis of protein identification by MALDI-TOF. Figure 1.9 describes
the principle behind the identification of proteins by MALDI-TOF. This is often called
peptide mass fingerprinting. The measured masses present in tryptic digests are tabu-
lated, and the known contaminants are deleted from the list. The reduced mass list is
then used to search protein databases.

Different software packages have been developed for the identification of proteins
based on the accurate measurement of peptide masses. The simplest method for scoring
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is to add the number of peptide masses that match with the predicted masses for each
entry in a protein database. The database entries are then ranked according to the
number of hits. This forms the basis behind software such as PepSea and MS-Fit
(http://prospector.ucsf.edu). Typically, these software packages work well for quality
experimental data.

Mascot originated from the software called MOWSE (Pappin et al., 1993).
MOWSE uses more information to make its decision on the score by taking into account
the protein size and the relative abundance of peptides in the databases. Mascot further
incorporates probability scoring for the probability that the match between the data and
the entry in the database will be a random event. This score is calculated for every entry
in the database. The identification is then established by ordering the proteins with a
decreasing probability of being a random match. Mascot can be freely accessed over
the web (http://www.matrixscience.com/) and is also available for commercial purposes
through MatrixScience.

ProFound (Zhang and Chait, 2000) uses a different approach based on Bayesian
theory to rank the protein sequences in a database by their probability of occurrence.
It is an expert system (i.e., it simulates what an expert in the field would do) that uses
detailed information about each protein sequence and empirical information about the
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Figure 1.9. Scheme employed for the identification of proteins based on MALDI-TOF and

peptide mass fingerprinting. A protein of interest is digested with trypsin and the resulting

peptide mixture is analyzed by MALDI-TOF mass spectrometry. The measured m/z ratios are

then used to search protein/DNA databases leading to the identification of the protein. The

matching proteins are ranked according to the number of observed m/z ratios that match to

their predicted tryptic peptide patterns.



distribution of proteolytic peptides that are included in the scoring scheme. ProFound
is also free over the Internet (http://prowl.rockefeller.edu/).

Generally, all these software packages perform well when good-quality spectra are
available. The ones that provide more advanced scoring schemes perform better when
less information is available or when the quality of the MS spectra is reduced. Regard-
less of the software, the identification of the protein depends on the number of peptides
observed, the accuracy of the measurement, and the size of the genome of the partic-
ular species. For smaller genomes, such as yeast and Escherichia coli (E. coli), protein
identification using the MALDI-TOF mass spectrometer is generally successful. For
larger genomes the rate of success drops significantly using MALDI-TOF.

Postsource Decay. MALDI-TOF mass spectrometry also offers the possibility
of recording the fragmentation patterns obtained from a peptide. This is achieved using
a technique called postsource decay (PSD). PSD is achieved by increasing the laser
power beyond the value needed to generate ions. The precursor ions are transferred
from the MALDI plate to the gas phase. The excess energy induces the precursor ions
(peptides) to fragment along their backbone. Generally, these ions are not seen in con-
ventional MALDI-TOF analysis because of their lower kinetic energy. Fortunately, on
the MALDI-TOF equipped with a reflectron, the lower kinetic energy of peptide frag-
ments can be compensated by changing the settings on the reflectron. PSD is typically
achieved by acquiring spectra for specific mass ranges with different settings on the
reflectron. All the spectra are then stitched together to make a full PSD spectrum.

Although PSD seems to be a rapid way of obtaining fragmentation patterns of pep-
tides, it seriously suffers in terms of sensitivity. Furthermore, the fragmentation pat-
terns are often difficult to discern and are of poor quality. Therefore, PSD has not been
the method of choice for the generation of peptide fragmentation patterns.

Hybrid Instruments

Conventional MALDI-TOF mass spectrometers can also provide fragmentation pat-
terns related to the amino acid sequence of a peptide. This is also done using postsource
decay; however, the mass selection of the peptide to be fragmented, the sensitivity of
the approach, and the quality of the MS/MS spectra make it difficult to utilize post-
source decay for the routine and rapid generation of MS/MS spectra. Recently, a set of
novel MS/MS-capable mass spectrometers have been developed based on MALDI ion-
ization. These instruments combine the MALDI ionization technique with the frag-
mentation of ions by collision-induced dissociation (Shevchenko et al., 2000; Loboda
et al., 2000). For example, the recently introduced MALDI-Pulsar from Sciex is illus-
trated in Figure 1.10. This instrument, as its name alludes to, includes a MALDI ion-
ization interface followed by a set of quadrupoles and a collision cell. The first
quadrupole is used as an ion guide. It is followed by a second quadrupole, which is
either used as an ion guide, a precursor scan, or for a parent ion selection. The first
quadrupole is followed by a collision cell that can be used to fragment ions by 
collision-induced dissociation. A pulsing grid set at a 45° angle is positioned after the
collision cell and deflects the ions upward into a TOF mass analyzer equipped with a
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reflectron. Although a pulsing laser is still used to generate ions off the MALDI plate,
it is not used for the timing and correction of the masses of the observed ions.

In this design, the ionization of the sample is decoupled from the acceleration of
the ions into the TOF tubes. Furthermore, significant collisional cooling is present in
the first quadrupole, reducing the distribution of the kinetic energy of the ions. There-
fore, the geometry of the plates does not affect the mass accuracy of the instrument.
This is a significant difference over conventional MALDI-TOF in which great care must
be taken regarding the plate geometry. This means that internal or close external cali-
brants are not necessary to maintain the mass accuracy of the MALDI-Pulsar system.
It also means that totally different plate designs can be constructed.

The Pulsar also allows peptide selection and efficient fragmentation by collision-
induced dissociation in the collision cell. Collision-induced dissociation is more reli-
able than postsource decay for generating fragmentation patterns. MALDI ionization
predominantly provides peptides of charge 1+. The fragmentation of 1+ ions generates
lower quality fragmentation patterns than what is usually obtained for 2+ and 3+ ions.
Therefore, this hybrid approach offers significant advantages over the conventional
MALDI-TOF in terms of its efficient fragmentation patterns. It also offers advantages
over the ESI-MS/MS for the rapid screening of samples.

Electrospray Ionization Mass Spectrometry. Electrospray ionization is also
a very popular approach to introduce protein and peptide mixtures to mass spectrom-
eters. Typically, ESI is used in conjunction with a triple quadrupole, an ion trap, or a
hybrid quadrupole-TOF mass spectrometer. ESI is mainly popular because it provides
a direct interface between the mass spectrometer and the atmospheric pressure. It can
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Figure 1.10. Schematic of a MALDI-Pulsar mass spectrometer. A portion of the sample is
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also be readily coupled to separation techniques such as HPLC, liquid chromatography
(LC), and capillary zone electrophoresis (CZE), or it can be used for the continuous
infusion of samples. Until the introduction of the MALDI-Pulsar, the ESI-based mass
spectrometers were the only viable approach for the generation of MS/MS spectra. Fur-
thermore, ESI produces more multiply charged ions that provide richer MS/MS spectra.

Principle. Electrospray ionization (Fenn, 1990) allows analytes to transfer from
the liquid phase to the gas phase at atmospheric pressure. Generally, the ionization
process is achieved by applying an electric field between the tip of a small tube and
the entrance of a mass spectrometer. The electric field forces the charged liquid at the
end of the tip to form a cone, called Taylor cone, that minimizes the charge/surface
ratio. Droplets form at the end of the cone and move toward the entrance of the mass
spectrometer. Different theories have been put forward to explain what happens after
the droplets have been formed and how the transfer of the analytes to the gas phase is
achieved. The most popular explanation is that the liberated droplets go through a repet-
itive process of solvent evaporation, whereby they fragment into smaller droplets to
reduce the charge density on them. This leads to a large number of droplets of shrink-
ing sizes until the solvent has disappeared; thus the analytes are left in the gas phase.
Furthermore, as the droplets shrink, the pH in the droplets decreases and facilitates the
protonation of the analytes.

Mass Spectrometer and Information. The most important advantage of ESI
is that it can be readily coupled online with separation techniques. This has been 
illustrated over the years by the numerous development of methodologies based on 
separation techniques coupled to electrospray mass spectrometers. The variety of 
applications, separation techniques, and mass spectrometers utilized with ESI can be
confusing to those new to the field. Therefore, in the next few sections we will intro-
duce the different mass spectrometers with their respective limitations, the different
separation techniques that are specifically used for proteomics, and the generation of
tandem mass spectra.

Mass Analyzers Utilized with Electrospray Ionization in Proteomics.
There has been a flurry of novel commercial mass spectrometers over the last 5 years.
This is in part related to the constant demand for newer and better mass spectrometers
imposed by the biotechnology/pharmaceutical sectors. Even though the number of mass
spectrometers is increasing, and the confusion related to their application in proteomics
is building even faster, it is still possible to make a logical assessment of their func-
tions, advantages, and limitations.

Triple Quadrupole Mass Spectrometer. The first mass analyzer that was utilized
for proteomic studies is the triple quadrupole mass spectrometer. A quadrupole mass
analyzer consists of four rods placed at equidistance as if they were placed on the
surface of a cylinder. The Mathieu equation was derived to describe the motion of a
charged molecule in an electric field. It is also applicable to describe the motion of
charge molecules in the triple quadrupole mass spectrometer. Electric fields can be con-
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stant [direct current (DC)] or variable [alternating current (AC); different amplitude and
frequency]. The Mathieu equation takes into account the combination of DC and AC
fields. The combinations that are possible are such that the quadrupole can be used for
three functions. The combination of a DC and radio frequency (RF) potential trans-
forms the quadrupole into a mass filter to transmit a specific m/z ratio. The application
of a RF-only mode will set the quadrupole as an ion guide, while the application of a
DC-only mode transforms the quadrupole into a lens element. For every mass, there is
a region of stability for the DC, RF amplitude, and frequency. Therefore, the resolu-
tion of the instrument and the ion transmission (sensitivity) are intimately linked.
Increasing the resolution decreases the number of ions transmitted. Changing the shape
of the quadrupole rods affects the electric field and can also improve the resolution.
The mass filter mode and the RF-only mode are the two most common applications of
the quadrupole. Furthermore, most triple quadrupoles have been fabricated using cylin-
drical rods for simplicity. More recently, designs for hyperbolic rods have allowed
improved resolution, and they have been introduced in the TSQ-quantum (Thermo-
Finnigan):

(1.1)

where a and b are constant and the f(t) is the sinusoidal function of time. This equa-
tion is called the Mathieu equation. In a quadrupole mass analyzer only two axis of
direction are being affected by the field.

The triple quadrupole mass spectrometer consists of three subsequent sets of
quadrupoles, positioned one after the other in a linear fashion toward the detector (Fig.
1.11). The functions of the first and third quadrupoles are either as mass filters or as
ion guides. The second quadrupole is typically run in the RF-only mode (i.e., ion guide)
and modified to allow the introduction of gas. It is used for collision-induced dissoci-
ation of charged molecules. This combination of quadrupole (q0), collision cell (q1),
and quadrupole (q2) allows a multiplicity of experiments to be performed.

d x dt f t x2 2 0+ + ( )[ ] =a b
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Figure 1.11. Triple quadrupole mass spectrometer for the analysis of peptides. A set of two

experiments is performed on the triple quadrupole mass spectrometer for peptide analysis.

In the first pass an MS spectrum is acquired to detect the m/z ratio of the analytes. Then, a

peptide corresponding to a specific m/z ratio is selected in a second experiment, isolated in

q1 and fragmented in the collision cell. The resulting fragments are separated in q3 leading

to an MS/MS spectrum.



Although numerous experiments can be concocted with a triple quadrupole mass
spectrometer, only two serial experiments are performed for peptide identification. The
first experiment consists of running q0 and q1 in RF-only mode while scanning the m/z
on q2 (DC and RF). In this fashion, q0 and q1 let the positively charged analytes pass
through while q2 continuously scans the m/z, generating an MS spectra (signal versus
m/z) for the positively charged ions present in a proteolytic digest.

The second set of experiments, called MS/MS, consists of selecting and frag-
menting an ion followed by the separation of the generated daughter fragments. This
is achieved using q0 as a mass filter to allow only a narrow m/z window around the
selected ion to pass. A small amount of neutral gas is then added to q1, while the poten-
tials, applied to lenses, are changed to provide increased kinetic energy to the ions enter-
ing q1. The ions collide with the small gas molecules and fragment by collision-induced
dissociation. The generated ions are then separated by q2. The end result is an MS/MS
spectrum that contains the selected ion fragmentation patterns.

The combination of both experiments (MS and MS/MS) allows peptides to be
detected, selected, and fragmented. Typically, the triple quadrupole mass spectrometer
is either manually or automatically cycled through MS and MS/MS acquisition.

The application of the triple quadrupole mass spectrometer in proteomics was sup-
planted by the introduction of more sensitive instrumentation such as ion trap mass
spectrometers and hybrid mass spectrometers. The advantage of the triple quadrupole
mass spectrometer with collision-induced dissociation is the efficient conversion of pre-
cursor ions into product ions. The disadvantages of the triple quadrupole mass spec-
trometer are its low resolution, the mass discrimination (i.e., peak height dependency
on mass), the narrow window, and the strong mass dependency on collision energy for
efficient fragmentation of peptides. Generally, the information generated in MS mode
is too low of a resolution to be useful for database searches. Furthermore, the mass
accuracy is generally too low to allow adequate de novo sequencing of proteins when
the identification by database searching fails.

Ion Trap Mass Spectrometer. The second analyzer introduced for proteomic
studies was the ion trap mass spectrometer. The ion trap mass spectrometer utilizes a
combination of electrodes for the accumulation of ions in a space defined by the shape
of the electric field present in the trap. Similar to the triple quadrupole mass spec-
trometer, the ion trap mass spectrometer follows the Mathieu equation. Because of the
shape of the electrodes and the definition of the electric fields, the resolution obtained
on the trap can be higher than on conventional quadrupole instruments. An example of
a complete ion trap mass spectrometer is described in Figure 1.12. It consists of a heated
stainless steel capillary followed by a skimmer, an ion guide, by the ion trap, and a
detector. All of these parts are maintained under vacuum. The ion guides have a dual
function: to guide the ions toward the ion trap and to gate the ions into the trap. The
number of ions present in the trap is critical and needs to be controlled. Otherwise, a
phenomenon called space charging can occur that causes the performance of the
instrument to be distorted. The ion optic is used to control the injection of ions into the
trap. The reversal of the polarity applied to the optics deviates the ions from their paths
and prevents the ions from entering the trap. In reality, a scan from an ion trap consists

30 PROTEOMICS: THE BASIC OVERVIEW



of at least two experiments. In the first experiment a short burst of ion is injected into
the trap and then ejected to the detector. The signal observed by the detector is used to
automatically calculate the maximum allowable injection time at which space charg-
ing can still be avoided. Then the ion optics are open to inject the ions into the trap for
the calculated injection time. The ions injected into the trap are not stationary but have
an orbit that resembles a boomerang shape. Depending on the m/z ratio of the ions, the
orbit will occupy more or less space in the trap. Once enough ions have been accu-
mulated, they can be sequentially ejected from the trap by changing the RF amplitude
applied to the ring electrode. This creates instabilities in the orbits of specific ions,
pushing them further away from the center of the trap, and finally drawn to the ejec-
tion point toward the detector. The lower m/z ions are ejected at a lower RF amplitude,
while the higher m/z ions require higher RF amplitudes. Typically, the RF amplitude is
calibrated using analytes of well-defined masses.

Ion ejection and ion fragmentation can be achieved by resonance excitation. This
approach consists of creating a resonance effect in the orbit of the ions to increase its
axial kinetic energy and to increase the axial dimension of the orbit. Resonance exci-
tation is achieved by applying a small DC voltage to the endcap electrodes at the same
time as applying an RF to the ring electrode. This creates a cumulative increase in 
the kinetic energy of the selected ions, thus leading to an unstable orbit and ejection. 
Furthermore, the increased kinetic energy can be funneled to fragment the selected ions
by introducing a small amount of inert gas into the trap.

The operation of the ion trap mass spectrometer in MS mode consists of a rapid
scan for automatic gain control, followed by the timed injection of ions, and finally the
scanning of the RF amplitude to successively eject the ions from the trap. The end result
is an MS spectrum with the RF amplitude on the bottom axis, which then can be con-
verted into m/z by calibration.

The operation of the ion trap mass spectrometer in MS/MS mode consists of a
rapid injection/ejection for automatic gain control, a timed injection of ions and an ejec-
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Figure 1.12. Schematic of the ion trap mass spectrometer. The schematic of the trap illus-

trates how the ions are guided to the trap and how the gating approach is used to suffi-

ciently fill the trap prior to MS and MS/MS experiments.



tion of undesirable ions (except a preselected mass window), followed by a resonance
excitation of the selected peptide in the presence of small gas molecules, and, finally,
by a scanning of the RF amplitude to successively eject the fragmented ions from the
trap. The end result is an MS/MS spectrum. Although the fragmentation of ions is also
obtained by collision-induced dissociation, the quality of the MS/MS spectrum is dif-
ferent than the one obtained on a triple quadrupole mass spectrometer. This can be
explained by the fact that only the selected ions are sensitive to the RF and to the res-
onance excitation; therefore, once fragmentation occurs, the resulting fragments are of
different m/z and are invisible to the RF/resonance excitation. This is not the case for
triple quadrupoles because all the generated charged fragments are still subjected to the
acceleration voltage and can gain sufficient kinetic energy to proceed into further 
collision-induced dissociation.

The ion trap mass spectrometer has seen wide acceptance in proteomic application
mainly due to its level of automation, sensitivity, and cost. The information provided
in MS mode is insufficient for protein identification based solely on peptide masses.
The information provided by MS/MS spectra is, however, generally sufficient to iden-
tify proteins by database searching. De novo sequencing of peptides is also difficult on
ion trap mass spectrometers due to its low resolution and its lower mass cutoff in
MS/MS mode.

More recently, new linear-type ion trap mass spectrometers have been introduced.
These offer a larger trap space allowing wider dynamic range as well as better sensi-
tivity and resolution over conventional traps. Furthermore, some of these instruments
can be operated either as a trap or as a triple quadrupole mass spectrometer (QTrap
from MDS-Sciex).

Ion Cyclotron Mass Spectrometer. The third analyzer is the ion cyclotron Fourier
transform mass analyzer (Comisarow and Marshall, 1974). At the basic level this 
analyzer is also an ion trap mass spectrometer. It typically consists of an ion source,
followed by an ion guide, and, finally, by a Fourier transform cell contained in a super-
conducting magnet (Fig. 1.13). As in the ion trap mass spectrometer, the purpose of the
ion guide is to focus the ions and transfer them into the Fourier transform cell. In some
designs the ion guide is also utilized to perform the accumulation and selection of ions,
for example, using a fragmented quadrupole before pulsing them into the trap. The
purpose of the superconducting magnet is to provide a uniform magnetic field in the
trapping region of the cell. The cell itself forms a box made of two detector electrodes
facing each other, another set of two RF electrodes facing each other, and a third set
consisting of trapping plates. In the cyclotron, the ions have to pass through significant
fringing fields created by the superconducting magnet before progressing into the trap.
The ions that enter the Fourier transform cell are trapped by the magnetic field and the
trapping plates. Furthermore, once in the trap, they will be limited only to circular
orbits. It turns out that every ion of a specific mass and charge has a different cyclotron
frequency, defined by:

(1.2)w zm= -b 1
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where w is the cyclotron frequency in radians per second, b is the magnetic field
strength in tesla, z is the charge, and m is the mass of the ion. This equation is only
valid once the ions are in orbits, but the ions do not spontaneously spring into the orbits.
By applying an oscillating electric field that corresponds to the cyclotron frequency of
the ions to the two opposite electrodes of the cell, a cyclotron resonance can be induced.
This cyclotron resonance induces the ions to travel into an increasing circular orbit.
After a short time, the electric field is turned off, and the ions reach a stable orbit deter-
mined by their m/z ratios and the magnetic field. The stabilization and resolution of 
different circular orbits require a very homogeneous magnetic field created by a 
superconducting magnet. Typically, the cyclotron resonance is provided by a sine wave
signal generator. Ions of different m/z ratios have different resonance frequencies, and
they will only be accelerated if the right resonance frequency is applied to the 
electrodes.

The ions in orbit pass by the electrodes and induce a small, but detectable, current
at the electrode, called the image current. The end result of the motion is an alterna-
tive current in phase with the frequency of the ion orbits. Furthermore, the amplitude
of the image current is proportional to the number of ions in orbit. An amplification
system is used to transform the small AC signal into a larger and easier signal to process.

Obviously, this would be a relatively useless approach if only one ion could be
trapped and detected at a time. It turns out that in the beginning of the ion cyclotron
design, the ions were individually detected, but it could take up to 20min to acquire a
full MS scan. The twist around this problem is to careful look at Eq. (1.2). If all the
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ions could be accelerated into their respective orbits, they would all have a resonance
frequency related to their m/z ratio. Therefore, the induced current would be a com-
posite of all the currents induced by the ions at their respective frequencies. Clearly
this is a signal processing problem that can be handled by Fourier transform analysis
to extract each individual signal from the composite.

Today, Fourier transform mass spectrometry (FTMS) spectra are rapidly acquired
by first activating all the ions with a sweep of the RF to accelerate all the ions. The
transient image current (due to the multitude of m/z) is accumulated, and the MS spec-
trum is reconstructed by the Fourier transform. Although the FTMS instrument is the
ultimate choice in terms of resolution and sensitivity, it has not seen widespread accept-
ance in proteomics. In the past, most cells were designed to trap a defined fraction of
the ion beam. This means that the dynamic range of the cell was limited. Methods were
developed to increase the ion density in the ion beam by trapping ions and by the pulsed
injection of ions using fragmented quadrupoles prior to the cyclotron. Again, the chal-
lenge is to have enough ions for detection while avoiding space charging. For most
real-life samples this can still be an issue forcing the mass accuracy to be above the 1
to 1.5ppm level. The cost of FTMS instruments and their robustness have also been
serious issues. The information, however, provided in MS mode is often enough for
protein identification based solely on accurate peptide masses. The information 
provided in MS/MS mode can be used for database searches or for de novo sequenc-
ing of proteins; however, the generation of MS/MS fragments by collision-induced dis-
sociation in the trap is relatively slow in FTMS and precludes its utilization for rapid
analysis.

Recently, hybrid instruments that combine external selection and fragmentations
of ions have been developed. For example, Thermo-Finnigan developed a hybrid linear
ion trap coupled to an FTMS. The advantage of this approach is the rapid fragmenta-
tion and analysis of peptides. As the fragmentation is performed in the linear trap, there
is no need to wait for long ion cooling period in the FTMS. Other types of hybrid FTMS
have been introduced by IonSpec and Bruker.

Hybrid Mass Spectrometers. The last analyzer is the hybrid quadrupole time-of-
flight mass spectrometer. The Pulsar mass spectrometer from Sciex and the Qtof mass
spectrometer from Micromass are two examples of hybrid instruments. The Pulsar uti-
lized with ESI is the same as the one previously described for the MALDI-Pulsar. It
utilizes an ESI source instead of a MALDI source. Please refer to the MALDI section
for the description of the Pulsar instrument.

Techniques to Introduce Peptide Mixtures to ESI-MS/MS. The MALDI-
TOF mass spectrometry is definitely a high-throughput platform for the identification
of proteins. So why rely on the more cumbersome and lower-throughput ESI
approaches? ESI provides multiply charged peptides that can be efficiently fragmented
by collision-induced dissociation. The MALDI-TOF provides singly charged peptides
that are more difficult to fragment even when collision-induced dissociation is avail-
able. Furthermore, ESI can be readily coupled with infusion and concentration/separa-
tion techniques. Hence, intense efforts have been focused in recent years on the
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development of infusion and separation techniques for efficient analysis of protein
digests. These techniques differ in sensitivity, the handling of contamination, the quality
of the MS/MS spectra, and the throughput. In the following sections we will review
the different approaches to sample introduction, their disadvantages, and their 
advantages.

Continuous-Infusion ESI-MS/MS. Within the last 10 years, ESI has become com-
patible with the analysis of low-level protein digests. The main challenge was to make
the flow and concentration detection of conventional electrospray approaches compat-
ible with the volume and concentration that were obtained with blot, or in-gel diges-
tion of separated proteins. Conventional electrospray requires a few microliters/minute
flow rate to be stable, while the final volume of a digest is in the low microliter levels.
Therefore, efforts were placed in developing new “lower-flow” versions of the elec-
trospray process. The microelectrospray (100 to 500nL/min), the nanoelectrospray (1
to 100nL/min), and the picoelectrospray (<1nL/min) methods were developed. They
all have the reduction of the flow requirement in common by reducing the internal 
and external diameter of the sprayer. The introduction of these novel electrospray
approaches has greatly facilitated the analysis of protein digests by providing 
longer analytical time windows, better ionization, and better transfers to the mass 
spectrometer.

In particular, the “low-flow” requirement of the nanoelectrospray became rapidly
attractive for the identification of proteins based on the continuous infusion of a sample
(Shevchenko et al., 1996a, 1996b, 1997). From as little as 1 ml, an analytical time of
30min to 2h could be easily obtained. This would leave plenty of time to acquire good-
quality MS spectra, to select large number of ions, and to successively generate their
MS/MS spectrum. Furthermore, when the nanoelectrospray technique was introduced,
most mass spectrometers did not provide automated control of the different experiments
(i.e., data-dependant experiments), thus frequent user interventions were required for
the analysis of peptides (Shevchenko et al., 1997). This means that on the mass spec-
trometers, the operator had to generate and interpret the MS spectrum, select the 
peptides from the MS spectrum, switch the mass spectrometer to collision-induced dis-
sociation, and then successively generate the MS/MS spectrum of the ions by manu-
ally changing the parameters for every ion. Even for the most experienced user, this
can easily take 5 to 15min to perform per peptide.

In the continuous-flow infusion nanoelectrospray, the peptide mixture of interest
is inserted into a glass needle of 1mm in diameter that has been pulled to a closed and
tapered end using a pipette puller. Furthermore, the pulled needles are also coated with
a layer of conductive material such as gold, to which a high voltage is applied (Fig.
1.14). The needle is installed in front of the mass spectrometer, and a slight pressure is
applied. Then, the end of the needle is opened by touching it against the front plate of
the MS, producing an open tip of only 1- to 10-mm inner diameter and a slightly bigger
outer diameter. Alternatively, a nanospray needle that is tapered down, but not closed,
can also be purchased. The peptide mixture is then continuously delivered at the end
of the needle by a gentle gas pressure. The peptide solution that reaches the tip of the
nanoelectrospray needle is electrosprayed into the mass spectrometer at low flow rates
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(few nanoliters/minute). Roughly 30min to 1.5h analysis can be performed on 1 ml of
sample.

Separation Coupled to ESI-MS/MS. Electrospary ionization can also be coupled
with separation techniques. This is often preferable for low levels of samples and for
contaminated samples. Furthermore, separation techniques are readily automatable,
while the nanoelectrospray approach has evaded automation due to its inherent skill
requirement. Separation techniques offer the advantage of concentrating the analytes
into shorter and separated analytical windows. While nanoelectrospray presents all the
analytes at the same time to the mass spectrometer, separation systems subsequently
present the analytes to the mass spectrometer; however, a very narrow analytical
window (typically 1 to 30s) is available for every analyte, during which all mass spec-
trometric measurements for an analyte must be performed.

Automated Mass Spectrometers. Evidently, the manual triggering of the mass
spectrometer, as conventionally done in nanoelectrospray, is not possible with separa-
tion techniques. Therefore, the utilization of an automated mass spectrometer is essen-
tial for the success of these experiments. A set of standard data-dependent features has
emerged. (1) The mass spectrometer should offer the automated selection of precursor
ions based on a threshold or a signal-to-noise ratio. (2) The nth-most intense ion should
be selectable for fragmentation as predefined by the user. (3) A static exclusion list of
ions should be predefinable. The static exclusion list allows the exclusion of known
contaminants, such as clusters, trypsin autolytic peptides, and other known peptides.
(4) The ions for which m number of MS/MS spectra have been generated should be
added to a dynamic exclusion list until their intensity in MS mode falls below a thresh-
old value or until a time period has elapsed. The dynamic exclusion of ions allows the
selection of the next most intense ion for the next round of MS/MS spectra. (5) The
dynamic isotope exclusion is also an important option, especially for higher resolution
instruments. This feature ensures that the isotope peaks from an ion do not trigger the
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acquisition of an MS/MS spectrum. (6) The exclusion of charge states, such as the 1+
ions, can also be convenient because it avoids the generation of MS/MS spectra for 1+
ions, which are typically not very informative. (7) The automated selection of frag-
mentation energy is an important aspect for adequate fragmentation of peptides.
Although most mass spectrometers utilize collision-induced dissociation to fragment
peptides, the ways in which the kinetic energy is ascribed to the precursor ion are dif-
ferent. In triple quadrupole and hybrid quadrupole TOF mass spectrometers, the frag-
mentation pattern is only adequate in a limited kinetic energy range. Excess energy
increases the internal fragmentation of the precursors and causes poor transmission of
ions through the collision cell, thus resulting in a poor-quality MS/MS spectrum. There-
fore, the automated adjustment of the collision energy is an important feature on these
mass spectrometers. The fragmentation pattern is less sensitive to the kinetic energy on
the ion trap and cyclotron mass spectrometers, as long as sufficient energy is provided.
Therefore, the automated adjustment of the collision energy is less important in ion trap
and cyclotron mass spectrometers.

High-Performance Liquid Chromatography–MS/MS. High-performance liquid
chromatography has been the technique of choice for the separation of analytes online
with ESI mass spectrometers (LaCourse, 2000). In reverse-phase mode, HPLC con-
centrates and separates analytes according to their hydrophobicity. Different approaches
have been developed to introduce peptides into a mass spectrometer by HPLC. They
all have in common peptide solutions that are loaded and separated on an HPLC column
made of C18-like material. They differ, however, in terms of their flow rates, their
sample paths, robustness, and sensitivity. 

Conventional HPLC. Conventional microbore HPLC coupled to ESI-MS is a
well-established approach for the identification of protein levels higher than picomoles
(Hunt et al., 1981, 1986; Gibson and Biemann, 1984). Microbore HPLC is usually
achieved using a 0.3-mm inner diameter (i.d.) HPLC column installed on a low-flow
HPLC system. The flow rate generated through these columns is typically in the low
microliter per minute range. The integration of an autosampler capable of handling less
than 10 mL of sample completes the automation of the procedure. Therefore, sequential
introduction, separation, and analysis of protein digests on this automated system can
be routinely performed.

Microflow HPLC. High-performance liquid chromatography is a concentrating
technique, while mass spectrometry is a concentration-dependent device for constant
flow rates. Therefore, improving the concentration of analytes delivered to the mass
spectrometer provides better sensitivity. To improve the concentration when a limited
amount of analytes is available, only two approaches can be taken. The first approach
consists of improving the separation and decreasing the peak width of the eluting ana-
lytes. Although this is feasible, practically it does not provide sufficient improvement
in sensitivity. The second approach consists of decreasing the size and flow rate of the
column. For example, reducing the size of an HPLC column from 1mm to 100 mm in
diameter offers an improvement by a factor of 100 in the concentration of the analytes.
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This is a very attractive alternative for low-level samples. It is important to keep in
mind that the HPLC theory also predicts that the volume amount of injected analytes
should be correspondingly reduced. In reality, there is a tendency to disregard this
warning and to inject as much volume as possible at the price of losing the lower affin-
ity analytes.

Although attractive, low-flow HPLC (<200nL/min) was not directly compatible
with conventional electrospray. Earlier attempts to couple low-flow HPLC with con-
ventional electrospray interfaces by using sheath liquid were successful; however, they
did not demonstrate the expected improvement in sensitivity. Fortunately, microelec-
trospray interfaces compatible with the low-flow technique provided by m-HPLC
columns were developed, and, these greatly improved the usefulness of this technique
(Chervet et al., 1996; Yates et al., 1996).

Fabrication of Columns. Recently, microcolumns (150 mm i.d. or less) have
been commercially available; however, the range of available packing materials and
the cost of these columns are often limited. Therefore, it is still common to fabricate
in-house columns. Two standard techniques have been developed for the fabrication of
microcolumns.

The first technique consists of fabricating a column in a capillary tubing with a
constant inner diameter. In this design, small borosilicate beads are dry packed at the
end of a capillary tubing of 50 to 150 mm i.d. by tapping the capillary in an aliquot of
beads. Typically, about 1mm of the capillary tubing is filled with beads. The end that
contains the beads is rapidly sintered in a Bunsen burner. This results in the formation
of a small porous frit at the end of the capillary tubing. It takes some practice to appro-
priately sinter the beads. The packing material for the column is pressure forced at the
other end of the capillary in the form of a slurry. This requires the utilization of a bomb
that can be pressurized up to a few 1000psi. Alternatively, the slurry can be installed
in a large volume union and pushed into the column using an HPLC pump. The pres-
sure is operated until the required length of column packing is achieved; then it is slowly
reduced to atmospheric pressure. It also helps to place the part of the column being
packed in a sonification bath. The end result is a packed capillary column (typically 5-
to 10-cm of packing) terminated by a frit. The disadvantage of this approach is that it
does not include a microelectrospray needle. Typically, the fritted end of the column is
installed in a low dead-volume union connected to a micro-ESI needle. To minimize
the band broadening, a short needle that has a smaller inner diameter than the capillary
column and a reduced diameter at the tip (5- to 15-mm opening) is utilized to generate
the electrospray (see Fig. 1.15).

The column can be directly formed in a microelectrospray needle to avoid the dead-
volume issues of the packed capillary approach. This requires a frit of some sort to be
fabricated in the tip of a microelectrospray needle. Typically, a needle of 50 to 150 mm
i.d., sharply terminated at the tip to 5 to 15 mm i.d., is used for the fabrication of the
column. These needles are made from a capillary tubing that is stretched using a laser
pipette puller. Then again, the needle can be pulled by placing a capillary tubing in a
vertical position, attaching a weight to it, and heating a section of the capillary with a
flame. Both of these needle pulling techniques can be tedious to perform, while creat-
ing a frit at the end of the needle can be even more challenging. Therefore, the best

38 PROTEOMICS: THE BASIC OVERVIEW



alternative is to buy microelectrospray needles (e.g., New Objectives needles) with a
frit already fabricated at the tip, and then to pack the column with the reverse-phase
material of choice. The packed needle is then installed on a low-dead-volume union
also connected to a nanoflow HPLC system (see Fig. 1.15).

More exotic techniques have been developed for the fabrication of columns (Fig.
1.16). In particular, needles without frits have been packed with a reverse-phase mate-
rial. This was done either by pulling long needles of progressively decreasing inner
diameters or by creating an isthmus by differentially pulling the capillary tubing (Martin
et al., 2000). These two methods allow the needles to be packed without having 
to create a frit. Davis and Lee (1998) used a laser-pulled microelectrospray needle 
(150 mm i.d.) with a 5-mm orifice and introduced into the needle a short piece of fused
silica capillary [25mm i.d. ¥ 150mm outer diameter (o.d.)]. The piece of capillary was
pushed as far as possible in the needle and then backed with a membrane frit. The
reverse-phase material was then packed behind that frit. Although these approaches 
are interesting alternatives for HPLC needle fabrication, they have not yet seen wide-
spread application and thus remain the forte of only a few groups.

More recently, we have seen the appearance of monolithic columns that are fabri-
cated by direct polymerization of the stationary phase inside the capillary tubing. These
monolithic columns are obtained by the in situ polymerization of a mixed polymer such
as styrene and divinylbenzene. The polymerization occurs in an oven at a controlled
temperature. The advantage of the monolithic column is its lower “multiple-path”
effect, which provides a good number of theoretical plates and a good resolution for
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Figure 1.15. Schematic of nanoflow HPLC-ESI-MS/MS. (a) In this design an HPLC column is

fabricated in a capillary tubing (50 to 150mm i.d. ¥ 5cm long) terminated with a sintered glass

frit. This capillary column is then connected to a low inner diameter nanoelectrospray tip by

a low-dead-volume union. (b) In this design a low inner diameter capillary tubing is used to

connect an HPLC pump to a low-dead-volume union. An HPLC column is then fabricated in a

(50 to 100mm i.d.) nanospray needle with a tip inner diamater of 5 to 15mm. The HPLC needle

is then installed at the other end of the low-dead-volume union.



short column beds. Comparisons with conventional packed columns have indicated
similar, if not better, separations. Other advantages of the monolithic columns are that
they are easier to fabricate and to mass produce than the conventional packed HPLC
columns. The disadvantage, however, of the monolithic column is that it requires an
organic synthesis, which has to be carried out with caution. Therefore, this approach is
less amenable for the in-house and widespread fabrication of columns by research 
laboratories.

High-Performance Liquid Chromatography Setup. The microcolumn
system would not be complete without the addition of an HPLC gradient delivery sys-
tem. The reverse-phase microcolumn typically requires a flow rate of 100 to 200nL/
min. Although conventional HPLCs can deliver such flow rates in isocratic mode, 
they cannot deliver gradients or provide efficient mixing at that flow rate. The simplest
solution to this problem has been to “flow split” the eluent from an HPLC system that
pumps at 5 to 50nL/min down to 100 to 200nl/min. This is typically achieved by adding
a tee after the HPLC system and by having one of the two exits going to waste while
the other exit is connected to the microcolumn. The split ratio is obtained by carefully
gauging the tubing at both exits. The advantage of this method is that it can be easily
adapted to conventional HPLC. Its disadvantage is that the split ratio is affected by the
back pressure on the microcolumn. Therefore, as the column ages and the back pres-
sure increases, the split ratio changes. Regardless of the disadvantages, the splitting
method is still the preferred approach for the generation of nanoliter per minute gradi-
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Figure 1.16. Schematics of different packed nanospray needles that have been fabricated.

(a) Needle with no frit obtained by gradually narrowing down the inner diameter of the

needle. (b) Needle with an isthmus to retain the reverse-phase beads (Martin et al., 2000).

(c) Needle with a capillary frit to retain the beads (Davis and Lee, 1998).



ents. In fact today’s commercially available nanoflow HPLCs are based on the split-
ting principle.

High-performance liquid chromatography systems can be divided into two broad
types: low-pressure mixing systems that mix the solvents prior to a single pump and
high-pressure mixing systems that mix the solvents in a static or dynamic mixer placed
after the pumps, or they can mix the solvents directly into the pump head. For both
systems, the important parameters for m-HPLC-MS/MS are the delay time in the gra-
dient, the prepressurization performance of the pump, and their performance at lower
pressures.

The low-pressure mixing systems can have low void volumes following the 
pump because no mixers are placed after the pump. Therefore, flow splitting can be
performed right after the pump, reducing the dead time of the experiment; however,
low-pressure mixing systems have the disadvantage of obtaining the solvent ratios by
mechanically proportioning the solvents. This happens either by switching valves or 
by proportional valves, using the vacuum action of the pump refill stroke. These
approaches can perform poorly for low and high solvent ratios, generating less 
reproducible gradients.

The more common HPLC systems are the ones that perform high-pressure mixing
of solvents and have the mixer placed after the pump or directly in the pump head. In
these systems, the pumps are driven at a few microliters per minute, and the flow split-
ting required to achieve 100 to 200nL/min occurs after the mixer and the pressure
damper. Generally, the void volume is fairly large from the pumps to the column. For
example, a void volume of 100 mL is not unusual and can represent 20min delay in the
gradient, assuming a flow rate of 5 mL/min. Furthermore, the back pressure can be as
little as 100 to 1000psi, which can cause some check valves used in HPLC to fail to
operate properly.

Coupling to the Electrospray Mass Spectrometers. In recent years three
approaches have emerged for the coupling of m-HPLC columns to ESI-MS. The first
approach consists of establishing an electrical contact directly at the end of the elec-
trospray needle. This is typically achieved by gold coating a part of the tip. This allows
the direct application of a high-voltage potential to the tip of the column, which is nec-
essary for the generation of the ESI process. The direct application of the high voltage
generates, by far, the most stable electrospray process; however, the thin gold layer
applied to the tip will be removed over time, and the electrical connection can be lost.

Alternatively, the high voltage can be indirectly applied to the electrospray needle
by using a liquid junction before the needle. This is typically achieved using an ultra-
low-dead-volume connector placed between the transfer line and the electrospray
needle. This approach has the advantage of being more robust in terms of maintaining
the electrical connection; however, it has the disadvantage of generating a less stable,
although still adequate, electrospray process.

The last approach is a combination of the previous two approaches, and it consists
of using a fully external gold-coated needle coupled to a ultra-low-dead-volume con-
nector to which a high voltage is applied. In this fashion, the electric connection is
always maintained while an optimum electrospray process is obtained.
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The electrical liquid junction in commercial connections or home-made connections
can cause debilitating problems when used improperly. It is important to understand that
electrolysis does occur in the liquid junction, generating a small amount of gas. Gener-
ally, the linear flow is strong enough to carry the gas forward with no formation of
bubbles; however, in improperly fitted connections, the linear flow could be reduced
when entering the liquid junction to a level that allows the formation of gas bubbles.

Application to Protein Identification Based on Peptide Mass Spectrom-
etry. Once all the elements of the system are in place, the protein identification exper-
iment can be performed. In a typical experiment, a few microliters of the protein digest
is pressure loaded onto the m-HPLC column. Then, the HPLC system delivers a solvent
gradient of increasing hydrophobicity to the column. The peptides are eluted in order
of hydrophobicity, transferred to the microelectrospray interface, and then moved to
the MS. The eluting analytes successively trigger the MS to select one of the analytes
and to generate the MS/MS spectra. The MS/MS spectra generated for the analytes are
then used to search protein databases.

This method has established itself over the years as the method of choice for protein
identification by mass spectrometry. Although, the continuous infusion by nanoelec-
trospray has been shown to provide exquisite sensitivity, it still remains a slow and
manual technique. HPLC offers the advantages of being rapid and automatable, while
still providing comparable limits of detection. The most popular combination has been
to couple m-HPLCs with ion trap mass spectrometers. Figure 1.17 shows the analysis
of 50 fmol of bovine serum albumin (BSA) on such a system. The analysis was com-
pleted in about 35min. The insert shows the typical quality of fragmentation patterns
that can be obtained at that level of protein. It has been reported that approximately
100 fmol of protein present on the gel can be analyzed with this system.

Two-Dimensional HPLC-MS/MS Techniques. One-dimensional HPLC-MS/MS
does not provide a high enough resolution for complex samples. Although longer gra-
dients can be performed, one-dimensional HPLC has an inherent separation limitation.
Historically, it has not been a significant problem because the complexity of the samples
was always reduced through 1D and 2D gel electrophoresis. The limitations, however,
of gel separation have pushed research toward novel two-dimensional separation
systems.

Jorgenson’s group has been pioneering the multidimensional separation from the
analytical point of view (Hooker and Jorgenson, 1997; Lewis et al., 1997; Moseley 
et al., 1989; Opiteck et al., 1997, 1998). Techniques have been recently developed for
online multidimensional chromatographic separation of peptides and their subsequent
analysis by mass spectrometry. In particular, multidimensional chromatographic
approaches, based on ion exchange chromatography, have been coupled to reverse-
phase chromatography online with an ESI mass spectrometer for protein identification
(Washburn et al., 2001). This system allows the analysis of complex peptide mixtures,
such as the mixtures obtained by proteolytic digestion of whole-cell lysates.

Setup. A bed of reverse-phase material is packed in a capillary tubing followed
by a second packing of a bed of ion exchange material. The end result is a column con-
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sisting of two beds of different materials. This system is then used to address the com-
plexity of large-scale protein digests, such as the ones obtained from the proteolytic
digestion of whole-cell lysates.

The peptide mixture is then loaded on the dual-mode column and accumulates on
the ion exchange resin. Groups of peptides are then subsequently eluted off the ion
exchange resin by a ionic step gradient. In reality, the ion exchange material is used
only for the extraction of the peptides, and it does not provide efficient separation;
however, during each step of the ionic gradient, the eluted peptides are captured at the
head of the reverse-phase bed. Each step in the ionic gradient is followed by a rinse
and an organic-phase gradient to perform the reverse-phase separation of the peptides.
The peptides are then separated on the reverse-phase column and eluted to the ESI mass
spectrometer. The mass spectrometer is used to detect the peptides and perform 
collision-induced dissociation of selected peptides.

Microfabricated Devices Coupled to Mass Spectrometer. The application of micro-
fabricated devices has dramatically increased in the 1990s, and it has grown from an
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Figure 1.17. Example of the analysis of protein digest by HPLC-ESI-MS/MS. (a) Base peak
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esoteric technique only applied in a few laboratories to a recognized technique. Its
application in the field of proteomics is more recent because of the difficulty to couple
microfabricated devices to an external detector such as a mass spectrometer. In this
section, we will describe some of the microfabricated systems that have been used for
the identification of protein by mass spectrometry. It is, however, important to remem-
ber that all these systems are far from being robust and still have some serious hurdles
to overcome. Therefore, at this point, use the information provided below as an 
eye opener to a novel technology that might, one day, be a strong platform for 
proteomics.

Microfabricated devices are typically made by photolithographic techniques to
create various patterns of reservoirs, channels, and reaction chambers on a planar sub-
strate such as glass or polymer. Then a second plate, with access ports for the reser-
voirs, is bonded to seal the channels. These devices were originally designed to have
in situ detection of the analytes. The analysis, however, by mass spectrometry requires
the transfer of the analytes to the mass spectrometer. In the case of ESI mass spec-
trometers the standard microelectrospray interface can be used for the transfer;
however, the interface still needs to be connected to the microfabricated device through
a transfer capillary. This is still the most challenging aspect of interfacing microfabri-
cated devices to MS analyzers. Various ways of making the connectivity have been
published; however, they are mostly incompatible with the mass production of the
devices.

Continuous Infusion of Peptides for Protein Identification by Mass Spectrometry.
The simplest application of microfabrication is the continuous infusion of peptide
digests to a mass spectrometer and the fragmentation of the individual peptides. For
example, Figeys et al. (1997) performed protein identification via infusion from a
microfabricated device into an MS. In their design, a 12-cm pump capillary was con-
nected to a simple three-reservoir device and to a micro-ESI source. The device 
contained two independent sample reservoirs and a buffer reservoir. The sample mobi-
lization and their direction were done by controlling the voltage at each of the three
reservoirs. In this fashion, one sample can be mobilized toward the MS, while the other
sample is retained in its reservoir through an unfavorable electric field. The mass spec-
trometer is then used to provide MS/MS analysis of the eluting peptides. They demon-
strated that reasonable levels of standard peptides (33 fmol/mL) can be analyzed through
this system while retaining a high signal-to-noise ratio.

In a subsequent implementation, Figeys et al. (1998b) put into practice a more
complex nine-reservoir device with computer-controlled voltage applied to each reser-
voir (Fig. 1.18). Furthermore, a software was developed to control the chip device and
to trigger the mass spectrometer for automated acquisition of the peptide MS/MS. The
only user intervention that was required was the manual pipetting of samples into their
individual reservoirs on the microfabricated device before triggering the software. The
system sequentially mobilized the sample using directed electroosmotic pumping, while
the MS software controlled the data acquisition and subsequent database searching. The
system was successfully used to identify yeast proteins previously separated by 2D gel
electrophoresis.
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Separation of Peptides on Microfabricated Devices Coupled to Mass Spectrome-
ter. Electrophoresis has been the method of choice for the separation of analytes on
chips. Furthermore, it is also compatible with the microelectrospray interface. The same
limitations, however, that were present in CZE are also present in the microfluidic
system. Therefore, discontinuous methods such as sample stacking, isotachophoresis,
and solid-phase extraction (SPE) are required to increase the amount of sample injected
on the microfabricated device.

Electrophoretic separations with offline sample concentration (Zhang et al., 1999)
and online sample concentration (Figeys et al., 1998a; Li et al., 1999; Wang et al., 2000)
have been reported. In particular, a microfabricated system for the separation of pep-
tides by electrophoresis was coupled to a mass spectrometer by Li et al. (2000). In this
approach, the protein digests of interest are introduced one at a time on the microfab-
ricated device. An electric field is applied to fill an injection cross with the sample.
Once the cross has been filled, an electric field is applied from the buffer reservoir to
the microelectrospray needle driving the separation of analytes toward a microelectro-
spray interface. Rapid separation of protein digests has been obtained through this
approach; however, the limit of detection for real samples still needs to be improved
(Fig. 1.19).
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The development in the field of microfluidics coupled to mass spectrometry has
been tremendous in the late 1990s. There are still, however, some serious challenges
to the technology that still need to be addressed before it can become routinely appli-
cable in a robust format.

Bioinformatics for the Identification of Proteins Based on MS/MS

All the ESI-based tandem mass spectrometers are generally used to perform MS and
MS/MS spectra. Although the mass accuracy, resolution, sensitivity, and quality of the
fragmentation patterns are different, they contain information that can be used to iden-
tify a peptide provenance by protein/DNA database searching. The MS/MS spectra
contain the fragmentation patterns related to the amino acid sequence of specific pep-
tides. The analysis of MS/MS spectra is more intensive than the interpretation of MS
data. The approaches that are used for the interpretation of these spectra can be classi-
fied into three subgroups according to the level of user intervention required.

No Interpretation. Clearly one would like to be able to identify proteins without
having to do any interpretation of the MS/MS spectra. For high-throughput analysis,
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this becomes essential. A few algorithms have been developed to search protein/DNA
databases with uninterpreted MS/MS spectra. They all have in common the require-
ment for the partial or full sequence of the protein to be already known and included
in a database. All of the software packages provide a list of possible matches between
individual MS/MS spectrum and peptide sequences obtained from the database;
however, the scoring algorithms used to determine the validity of the matches are very
different. These algorithms are explained in more detailed below.

Mascot by Matrix Sciences (www.matrixscience.com) can be freely accessed over
the web (for noncommercial entities) (Pappin et al., 1993). It was built based on the
MOWSE scoring algorithm from Papin. The MOWSE algorithm computes a matrix of
probability in which each row represents an interval of 100Da in peptide mass, and
each column represents an interval of 10kDa in intact protein mass. As each sequence
entry is processed, the appropriate matrix elements are increased to accumulate statis-
tics on the size distribution of peptide masses as a function of the protein mass. There-
fore, this matrix represents the peptide distribution by protein MW present in the
database. The matrix will change as the database increases. From this matrix, a score
is ascribed based on the measured masses. The same algorithm is used for peptide
MS/MS. In Mascot they have further incorporated a probability based on the proba-
bility that a match is a random event. This allows the probabilistic evaluation and order-
ing of all the potential matches, as well as a probabilistic evaluation of the best match.

ProteinProspector from UCSF (http://prospector.ucsf.edu/ ) is also an example of 
a web-based MS/MS search engine. The identification of the protein is typically un-
ambiguous, achieved by the number of peptides that matches to the same protein.

Another algorithm that is popular is Sequest (Eng et al., 1994; McCormack et al.,
1997; Yates et al., 1995). Sequest is not freely accessible over the web and must be
purchased. This algorithm performs a two-pass search of the database. In the first pass,
for every MS/MS spectra submitted, Sequest searches protein/DNA databases for the
top 500 isobaric peptides using some of the information on immonium ions. In 
the second pass, the 500 predicted spectra corresponding to the isobaric peptides are
generated and are rapidly matched against the measured spectra. This is achieved by
multiplying in the frequency domain of the fast-Fourier transformation, the measured
spectrum with each individual predicted spectrum for the 500 isobaric peptides, and by
pairwise multiplication of the measured and predicted transforms.

The multiplication in the Fourier domain is the same as doing a convolution in the
time domain. This means that this approach verifies how well each predicted spectrum
matches to the measured spectrum. Correlation parameters that indicate the quality of
the match between predicted and measured spectra are then deduced from the results
of the transform multiplication. A high cross-correlation indicates a good match
between the predicted spectrum and the measured spectrum. More importantly, the
cross-correlation value is independent of the size and nature of the database. Therefore,
the same peptide sequence found in a small database or a large database will return the
same correlation coefficient when matched against the measured spectrum. This is an
important aspect of Sequest that makes it unique. All the other approaches provide
scoring schemes that are very dependent on the size and nature of the database.

Furthermore, although protein identification has been performed with as little as
one peptide using this algorithm, unambiguous identification of the provenance of a
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protein is often achieved by the multitude of peptides that matches with the same entry
in a database. The Sequest software is computing intensive, and for high-throughput
demand, it can rapidly paralyze the best dual-CPU server. In reality, the slowness of
Sequest is due to the recurrent scans of the selected database to find the top 500 iso-
baric peptides. The larger the database, the longer it takes to scan the databases. An
improved version of the software, called Turbo-Sequest, predigests and orders the data-
bases and has greatly improved the search speed.

Sonars by Proteometrics can search uninterpreted MS/MS spectra of peptides
against protein and DNA databases (Field et al., 2002). This software uses Bayesian
theory to rank the protein sequences in a database by their probability of occurrence.
It also provides a scoring scheme for the differentiation of the match. In our hands, it
has proven to be the most rapid system for the analysis of peptide digests. X!Tandem
(http://www.proteome.ca/x-bang/tandem/tandem.html) (Graig and Beaivis, 2004).

Partial Interpretation. Although the fully automated approaches are favorable
for automation, historically the computing power was not available for the rapid iden-
tification of proteins.

Another subgroup of database search engines, based on the partial interpretation
of the MS/MS spectra, were developed to perform faster searches of databases, while
requiring human intervention. The most popular partial interpretation of MS/MS spectra
is the “sequence-tag” approach (Wilkins et al., 1996a; Mann and Wilm, 1994) (Fig.
1.20). It consists of reading the mass spacing between specific fragments of an MS/MS
spectrum. This allows the generation of a short peptide sequence (tag). The tag is then
used to pinpoint the possible peptide sequences from isobaric peptides in databases,
while the residual mass information before and after the tag confirms one or a few
peptide matches. Every MS/MS spectrum requires the generation of a tag followed by
database searching. Unambiguous identification of the protein is established by the 
multitude of peptides that matches to the same protein.

De novo Sequencing. Finally, the last option is the full interpretation of the
MS/MS spectra, often called de novo sequencing (Papayannopoulos, 1995; Shevchenko
et al., 1997). Obviously, the other automated and semiautomated approaches are used
prior to this approach. Although many genomes have been recently sequenced, the
genomic data only represent a fraction of the world’s genomic pool, and often no data-
bases are available for specific organisms. The requirements for de novo sequencing
are more stringent. The MS/MS spectra must be of good quality in terms of intensity
and coverage of the peptide sequence. The MS/MS spectra of peptides contain ladder-
type information, which, in principle, indicates their amino acid sequence. Experienced
mass spectrometrists can manually extract the peptide sequence from the MS/MS
spectra.

In large-scale proteomic studies, the throughput of analysis is a critical factor.
Therefore, once enough MS/MS spectra have been generated to unambiguously iden-
tify a protein, generating MS/MS spectra on the residual peptides can be a waste of
time. In some cases, however, like when dealing with expressed sequence tag (EST) or
protein mixtures, it is important to increase the number of MS/MS generated.
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CURRENT CHALLENGES IN PROTEOMICS

Classical Proteomics

There has been a lot of confusion in the field of proteomics on the issue of the com-
plete proteome coverage and low-abundance proteins. This confusion is, in part, due
to a bit of propaganda about the power of the technology, as well as some confusion
related to the definition of proteome and proteomics. The idea of the comprehensive
study of the proteome is more an idealism than a reality.

Also, 2D gel-based proteomics is still facing a serious number of challenges. In
particular, although 2D gel electrophoresis is a powerful technique, it still lacks the
capability for discovering hydrophobic proteins, basic proteins, and low-abundance
proteins.

The presence or absence of low-abundance proteins on 2D gels has been contro-
versial. Fortunately, for S. cerevisiae and a few other species, indexes can be calculated
for all the ORF entries in their corresponding database that reflects the abundance at
the protein level. One such index is the codon bias index. The codon bias index is 
calculated based on a compiled index for codon usage in messenger RNA (mRNA).
The codon usage is typically measured for a few ORF that are translated into highly
expressed proteins. The codon bias index is thought to be a good indication of the
expression levels of proteins. Codons that correspond to low-level transfer RNAs
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(tRNAs) during translation decrease the potential yield of expression; on the other hand,
codons that utilize higher abundance tRNA during translation will increase the poten-
tial yield of the protein expression. Figure 1.21a shows the expected range of codon
bias in yeast calculated using the predicted ORF. Clearly, a good portion of the yeast
proteome is expected to fall in the low codon bias (<0.1) and therefore, has a low
expression. Figure 1.21b shows a compilation of the codon bias index for the proteins
that have been identified by 2D gel electrophoresis of S. cerevisiae [compiled from
Gygi et al. (1999b) and Perrot et al. (1999)]. At a first glance, low-abundance proteins
appear to be detected; however, if we only plot the proteins that were identified by mass
spectrometry, the result is different. Furthermore, some of the reported proteins with
0.1 codon biases are suspicious because they represent proteins that were present at the
picomole level on the yeast 2D gel, and this level is far from being low abundance.
Therefore, they probably represent erroneous identifications (Fig. 1.21c). The lack of
identification of low-abundance proteins has been reported to be caused by a limited
load capacity on 2D gel electrophoresis. In order to see low-abundance proteins, 
the amount of sample that needs to be loaded exceeds the capacity of 2D gel 
electrophoresis.

Hydrophobic proteins have also been a challenge for proteomics. Hydrophobic 
proteins have the tendency to precipitate once they reach their pI during the electro-
focusing on an IPG, and therefore they do not transfer to the second dimension. Al-
though, efforts have been made to improve the solubilization of hydrophobic proteins
(Rabilloud, 1999; Santoni et al., 1999), the display of hydrophobic proteins by 2D gel
electrophoresis still remains a challenge.

The efficient gel digestion of low-level proteins can, as well, be a challenge for
proteomics. The kinetic of digestion is dependent on the concentration of the substrate
(protein to be digested). Therefore, as the concentration of substrate decreases, the effi-
ciency of the digestion also decreases. Furthermore, sample loss is also a critical factor
for low-level proteins.

Gel-Free Analysis: An Alternative Differential Display

The limitations of 2D gel electrophoresis can be alleviated with the gel-free analysis
of complex protein mixtures. The analysis of complex proteolytic mixtures is now pos-
sible due to the improvement of online peptide separation and the improvement of mass
spectrometry software. In this approach, the lysate of interest is directly digested to
provide a complex mixture of proteins. This offers the advantage of reducing sample
lost and contamination, therefore expanding the dynamic range of protein analysis
toward lower abundance proteins. Characteristic hydrophilic peptides can also be found
from proteins that have a sequence in preponderance of hydrophobic amino acids. The
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Figure 1.21. Codon bias and the yeast proteome. (a) Distribution of codon bias calculated

for all the yeast ORF. (b) Compilation of the codon bias for the proteins that have been

observed on 2D gel electropherograms of yeast. (c) Compilation of the codon bias for the pro-

teins identified from a 2D gel electropherogram of yeast using only mass spectrometry.
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complex mixture of proteins is then separated online either by one- or two-dimensional
HPLC and ESI mass spectrometry.

Quantitation. The relative quantitation of the proteins that are differently
expressed between two sets of proteins is an important aspect of proteomics. The gel-
based separation of proteins provides direct visualization and relative quantitation of
separated proteins based on the staining intensities on the gel. Therefore, choosing the
proteins of interest is as simple as comparing two lanes, or two gels, and looking for
changes in staining intensity.

The gel-free analysis of proteins is typically a dynamic process, which also requires
the relative quantitation of peptides. No staining is performed in gel-free approaches,
and the quantitation relies on the mass spectrometric signal. Mass spectrometers have
been used for many years to do quantitative studies; however, this is always done by
establishing response curves for particular analytes. This is hardly possible for a con-
stantly changing set of analytes, such as peptides obtained from a proteolytic digestion
of proteins. Furthermore, it is often difficult to compare even two experiments run one
after the other in terms of peptide signal intensity.

The differential analysis of complex protein mixtures in a gel-free approach can
be achieved by using isotope tagging of peptides to allow a direct comparison of the
changes in peptide levels between two proteomes in a single experiment. Gygi et al.
(1999a) have demonstrated a method called ICAT (isotope-coded affinity tag) that
allows the differential quantitation of proteomes using cystein-containing peptides.
Munchbach et al. (2000) proposed a more general way for N-terminal labeling of 
peptides for the differential quantitation. Although the method by Munchbach et al. was
only demonstrated for gel-separated proteins, it appears that the reaction would just be
as valid for gel-free analysis of proteins.

Briefly, the ICAT (Gygi et al., 1999a) method consists of labeling cystein-
containing peptides from different samples with a light and heavy form of a reactive
chemical. The ICAT reagent consists of a biotin group followed by a linker and is 
terminated with a cystein reactive group. The only difference between the light and 
the heavy tag is the presence of hydrogen or deuterium. This results in a similar
response at the mass spectrometer while a diagnostic m/z spacing occurs on the MS
spectrum. Furthermore, because the heavy/light peptides are quasi co-elute and are
identical in sequence, their relative quantities can be obtained by the ratio of their 
intensity.

Typically, in the ICAT approach, a lysate sample first is reduced and reacted with
the light form of the ICAT reagent. A second lysate sample is also reduced and reacted
with the heavy form of the ICAT reagent. Both ICAT reagents preferentially react at
the sulfhydryl group present on the cysteins. Once both labeling reactions have been
performed, the two protein lysates are combined and enzymatically cleaved to gener-
ate peptide fragments. Then, the cystein-containing peptides are purified using a
monomeric avidin column. The purified cystein-containing peptides are separated on a
nanoflow HPLC system, online with an ESI mass spectrometer. Pairs of peptides with
identical amino acid sequences that are tagged, respectively, with the light and heavy
form of the ICAT are different in mass by 8 mass units. These are easily differentiated
on a mass spectrometer and eluted with just a slight delay from each other. Further-
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more, the automated generation of MS/MS fragmentation patterns of the peptides iden-
tifies the peptide sequence and its protein provenance by database searching. The 
relative quantitation is extracted from the MS spectrum using the ratio of the signal
intensity observed for the light/heavy labeled peptides.

Munchbach et al. (2000) have introduced a more generic approach for the label-
ing of peptides at their N-termius using 1-(nicotinoyloxy)succinimide esters. They have
synthesized a heavier form of the 1-(nicotinoyloxy)succinimide ester and introduced
four deuteriums, which provide a 4 mass unit difference with the normal 1-(nicotinoy-
loxy)succinimide ester. The light/heavy pair of chemicals can be used for the differen-
tial labeling of proteins and their relative quantitation. Briefly, both samples are
enzymatically digested to generate peptide fragments. The peptide fragments are then
succinylated to block the e-amino group of lysines. Then the first sample is reacted with
a light form of 1-(nicotinoyloxy)succinimide ester, and the second sample is labeled
with the heavy form of the 1-(nicotinoyloxy)succinimide ester. The two samples are
then combined and analyzed by MALDI-TOF mass spectrometry.

It is to be expected that many more pairs of chemicals will become available for
the relative quantitation of proteomes. It is important to realize that the expression
profile of a proteome covers a few orders of magnitude. All the chemical tagging
approaches have a defined dynamic range. Therefore, it is important to keep in mind
that for low levels of proteins, these reactions can fail to provide linear responses.
Therefore, although both of the labeled heavy and light forms of the peptide might be
observed, the calculated relative quantitation for the low-level proteins might be inac-
curate. Side reactions can also provide significant challenges.

Fourier Transform Mass Spectrometery for Gel-Free Analysis and
Single-Peptide-Based Identification

The FTMS has attracted renewed attention from the proteomic community. The instru-
mentation is now more robust, it offers fragmentation, it has a larger dynamic range,
an improved sensitivity, and it has recently been coupled to MALDI. The FTMS is by
far the best mass spectrometer in terms of mass accuracy, resolution, and sensitivity.
Peptide masses can be measured down to 1ppm or less, depending on the sample. We
have come to appreciate the advantages that accurate mass measurement offers in terms
of protein identification.

Depending on the size of the genome, it is possible to unambiguously identify a
protein solely based on the accurate mass measurement of one of its peptides (mass
tag). For example, Figure 1.22a shows the plot of the number of isobaric peptides versus
the peptide masses for a 10ppm tolerance and a 1ppm tolerance for the yeast proteome.
This was predicted for all of the known yeast open-reading frames. Figure 1.22b also
shows the percentage of unique peptides versus the peptide masses. It is clear that for
small and medium genomes, protein identification based on a single peptide seems to
be a possibility. It is also clear that the homology level is low in yeast. We have per-
formed an N ¥ N blast of the yeast genome and obtained about 20% of the protein in
yeast with at least one homolog at an homology level of 80%. We expect this number
to be significantly larger for more complex organisms. Furthermore, the idea of iden-
tifying a protein solely based on a single peptide does not take into account splicing
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and point mutation. Also, it is one thing to say that a specific peptide is unique to a
protein; however, it is another thing to find it.

One of the possible applications of this approach is the identification of protein
contained in complex mixtures in a gel-free manner based on HPLC-ESI-MS/MS.
Smith et al. have demonstrated the potential of the protein identification based on a
single-peptide analysis by ESI-FTMS. Furthermore, they have also demonstrated that
the addition of the ICAT reagent improves identification of peptides by restricting the
search to the cystein-containing peptides. This also means that proteins can be identi-
fied in complex mixtures, based only on the presence of one of their peptides. It is not
clear yet if this approach will be useful for larger genomes, such as the human genome.
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