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Proteomics can be defined as the systematic analysis of proteins for their identity, quantity and function.
In contrast to a cell’s static genome, the proteome is both complex and dynamic. Proteome analysis is
most commonly accomplished by the combination of two-dimensional gel electrophoresis (2DE) and mass
spectrometry (MS). However, this technique is under scrutiny because of a failure to detect low-abundance
proteins from the analysis of whole cell lysates. Alternative approaches integrate a diversity of separation
technologies and make use of the tremendous peptide separation and sequencing power provided by
MS/MS. When liquid chromatography is combined with tandem mass spectrometry (LC/MS/MS) and
applied to the direct analysis of mixtures, many of the limitations of 2DE for proteome analysis can
be overcome. This tutorial addresses current approaches to identify and characterize large numbers of
proteins and measure dynamic changes in protein expression directly from complex protein mixtures (total
cell lysates). Copyright  2001 John Wiley & Sons, Ltd.
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INTRODUCTION
In the post-genomic era, technology development for largescale protein analysis looms large. Reductionism methods,
such as studying one gene, one protein or one pathway in
an organism, have contributed greatly to our understanding
of many basic principles of life. However, a comprehensive picture of biology will be difficult to grasp until more
integrative approaches are utilized.1 Recently, the significant
accomplishments of genomics, proteomics and bioinformatics are making the systematic analysis of all expressed cellular
components a reality.2 – 4
The proteome is defined as the set of all expressed
proteins in a cell, tissue or organism.5 While it is often conceptualized that one gene produces one protein, it is known that
the expressed products of a single gene in reality represent a
protein population that can contain large amounts of microheterogeneity [Fig. 1(A)]. Consider the example a protein that
has three potential modification states: glycosylation, phosphorylation and ubiquitination. There are eight potential
protein forms that could be presented if each modification
only occurs at a single site and is not mutually exclusive
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[Fig. 1(B)]. Each additional state (e.g. another phosphorylation, acetylation, protease cleavage, lipidation, acetylation,
etc.) or modification site would add a large amount of additional diversity to the expression profile of that protein (64
potential forms for just six modifications). More than 100
modification types are recorded and additional ones are yet
to be discovered.6 All modified forms from one protein can
vary in abundance, activity or location inside a cell. Some
of the potential expression-diversifying events are shown in
Fig. 1(A). Clearly, post-translational modification of proteins
is an event with dramatic effects on the complexity of the proteome. In addition, the hallmark of a proteome is its ability to
regulate dynamically protein expression in response to external and internal perturbations under developmental, physiological, pathological, pharmacological and aging conditions.
Proteome analysis presents specialized analytical problems in two major areas: (i) dynamic expression range
(protein abundance)7 and (ii) diversity of protein expression (multiple protein forms).8 The dynamic range problem
can be overcome by either increased separation power or
prefractionation to enrich for lower abundance proteins.9
Overcoming the diversity of protein expression is more
involved and represents a significant challenge for proteome analysis.10 However, it can be overcome, in some
measure, by utilizing more powerful separation strategies
to give a more complete picture of an individual protein’s
expression profile. Figure 2 presents a simplified scheme
of proteome analysis. There are several separation tools
that can be utilized either alone or in combination to
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Figure 1. Complexity of the proteome. (A) One gene can produce multiple mature mRNAs via alternative splicing of pre-mRNA
transcripts. Following translation, a myriad of post-translational modifications can produce further variations in the number and
types of protein forms. (B) An example of a protein that exists with three potential post-translational modifications is shown:
glycosylation, phosphorylation and ubiquitination. Eight potential protein types can be formed. The presence of each modification is
noted by a tick.

analyze proteins or peptides based on their physical or
chemical properties: solubility, localization, charge, size,
hydrophobicity and affinity to certain matrices.11 It should
be noted that tandem mass spectrometry (MS/MS) itself
is a powerful separation tool of great value because a single peptide ion can be selected, isolated and sequenced
in the presence of many other co-detected peptides. Collected raw data are further processed by sophisticated
software to identify, quantify and characterize proteins.12
In this tutorial, we discuss the advantages and limitations
of the current method for proteome analysis based on twodimensional polyacrylamide gel electrophoresis (2DE) and
the need for alternative methods. We focus primarily on
protein mixture analysis using liquid chromatography combined with tandem mass spectrometry (LC/MS/MS) as
the technology base for most alternative proteome analysis
strategies.

Copyright  2001 John Wiley & Sons, Ltd.

CURRENT STATE OF PROTEOME ANALYSIS
The emerging field of proteomics has grown out of the
mature technology of 2DE for protein separation and
quantification13,14 and increasingly refined technologies for
the identification of separated proteins. Today MS is
overwhelmingly used as the technology base for protein
identification from 2D gels15 (Fig. 3). 2DE and protein MS
now represent an integrated technology by which several
thousand protein species can be separated, detected and
quantified in a single operation, and hundreds of the detected
proteins can be identified in a highly automated fashion
by sequential analysis of the peptide mixtures generated
by digestion of individual gel spots.16 Furthermore, the
additional information obtained from a 2D gel (e.g. isoelectric
focusing point and molecular mass) adds validity to MSbased protein identification. However, closer examination
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Figure 2. Schematic of proteome analysis. The input for the
system is the proteome in all its complexity. Proteins or
peptides are separated and analyzed by the listed tools. It is
important to remember that MS/MS is also a powerful peptide
separation (isolation) technique. The raw data (tandem mass
spectra) are further processed by software to produce
information about the identity, quantity and characteristics of
the proteins detected.
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of the classes of proteins routinely identified by 2DE/MS
suggests that it does not represent a truly global technique.
Specific classes of proteins have long been known to be
excluded or under-represented in 2D gel patterns. These
include very acidic or basic proteins, excessively large or
small proteins and membrane proteins. In addition, by
examining codon bias values of proteins identified from
2D gels, it has now been shown that the 2DE/MS approach
is incapable of detecting low abundance proteins without
pre-gel enrichment.4,10
Finally, the utilization of 2DE as the technology base
for proteome analysis is severely hampered by protein comigration. Figure 4 shows the detection of six different
proteins from a single silver-stained spot from a 2D gel.
This greatly confounds 2D gel databases because it is not
known which protein (or a previously unidentified protein)
is responsible for a measured change in expression when
gels are compared.
In conclusion, 2DE/MS cannot serve as the technology
base for proteome analysis when whole cell lysates are of
interest (global analysis). Notwithstanding, other separation
tools (shown in Fig. 2) can be used to simplify protein
mixtures and to enrich proteins prior to 2DE. This greatly
increases the productivity of proteome analysis utilizing 2D
gels. However, pre-fractionation of the cell lysates makes
quantification of proteins more complicated because one
protein is often distributed into many fractions, and protein
recovery rates are difficult to determine.

THE NEED FOR ALTERNATIVE STRATEGIES
Excise a spot
and digest with trypsin

IDENTIFICATION

Peptide mixture from proteins in one spot

MALDI-TOF-MS

Peptide mass fingerprint

ESI-MS/MS

Peptide sequences

Protein sequence

Figure 3. Proteome analysis using two-dimensional gel
electrophoresis and mass spectrometry (2DE/MS). Protein from
cell lysates is separated in the first dimension by isoelectric
focusing (pI) and then in the second dimension by SDS-PAGE
(molecular mass). Separated proteins are visualized by
staining. Protein spots of interest are then excised and
subjected to in-gel proteolytic digestion (e.g. trypsin) prior to
sequence analysis by MS. In the case of matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) MS, peptide
mass mapping techniques are used to create a unique mass
fingerprint of the protein. For protein identification by MS/MS,
a single peptide ion is isolated and fragmented to form smaller
product peptide ions that contain the amino acid sequence
information (see Fig. 5). The protein is then identified based on
these unique identifiers (mass mapping or tandem mass
spectrum) by computer sequence database matching.
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To alleviate some of the limitations of 2DE, alternative
separation techniques have been integrated with MS as new
proteome analysis platforms. Many of these strategies rely on
the ability of a tandem mass spectrometer to collect sequence
information from a specific peptide, even if numerous other
peptides are concurrently present in the sample. When
mixtures are extremely complex, on-line reversed-phase
liquid chromatography (LC) is used to concentrate and
separate the peptides before sequencing by MS.10,12,15,17,18
Sequence analysis is accomplished within the instrument by
the selective isolation of the peptide ion of interest from other
co-eluting peptides, gentle fragmentation of the peptide ion
at peptide bonds and the recording of fragment ion masses
in a tandem mass spectrum. It is these fragment ion masses
that represent unique identifiers for the peptide and permit
its amino acid sequence to be unambiguously determined.
A comparison between peptide sequencing by Nterminal (Edman-type) degradation and sequencing by
MS/MS is instructive (Fig. 5). For N-terminal sequencing
a peptide is sequenced chemically by the iterative removal
and subsequent detection of the N-terminal amino acid. This
process requires analysis times of ¾1 h per residue with the
usual outcome of the amino acid sequence of one peptide
(¾12 residues) being determined in an overnight analysis. In
addition, N-terminal sequencing generally requires peptide
amounts in the low picomole range and requires that the
peptide of interest be separated from all other peptides to
ensure the correct amino acid sequence is determined.
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Figure 4. Co-migration of protein products is a common problem for two-dimensional gel (2D) based proteome analysis.10 The
example shows the analysis of a single spot from a silver-stained 2D gel of whole yeast lysate. Proteins in the spot were assigned by
MS/MS, and the peptides identified are listed. Six different proteins were found to be present in this single 2D gel feature. On a
subsequent 2D gel where the intensity of this spot was altered, it would be impossible to tell which of these proteins (or another
previously unidentified protein) had changed in intensity.

In great contrast, peptide sequencing by MS/MS can be
accomplished today by acquiring a single scan containing
a tandem mass spectrum (1–2 s) at sensitivities requiring
only low femtomole levels of the peptide. The fragmented
peptide ions (mostly b- and y-type series ions shown
in Fig. 5) allow identification of the peptide amino acid
sequence by searching a protein or translated nucleotide
databases.19,20 Furthermore, mixtures of peptides usually
present no problem for the tandem mass spectrometer
because each peptide is isolated in the mass spectrometer
prior to sequencing. The most exciting result from these
types of analyses is the tremendous number of peptides that
can be individually selected, isolated and sequenced during a
single LC/MS/MS analysis. An example is shown in Plate 1.
During an 11 s interval five different peptides were selected
for fragmentation (sequenced). During the entire 30 min
analysis, 800 sequencing attempts were acquired. Finally, run
times can easily be extended to 2 h or more while maintaining
good peptide chromatography, providing the possibility to
sequence many thousands of peptides in a single analysis.
Creating the highly complex peptide mixture is straightforward. Lyophilized protein is resolubilized in a highly
reducing and denaturing environment (e.g. 8 M urea, 10 mM
dithiothreitol (DTT), 50 mM Tris–HCl, pH 8.3, etc.).9,18 Cysteinyl residues are then alkylated, if desired, and the protein mixture is simply diluted 8 fold in the presence of
sequencing-grade trypsin for overnight digestion. The resulting acidified mixture can be directly analyzed by LC/MS/MS
techniques.

Copyright  2001 John Wiley & Sons, Ltd.

ON-LINE MICROCAPILLARY
REVERSED-PHASE LC/MS/MS
Sensitivity is the driving factor in the development of HPLC
columns of smaller and smaller diameter.15,21 Working flowrates decrease exponentially with, for example, a 1 mm
i.d. column operating at ¾50 µl min1 and a 75 µm i.d.
column operating at ¾300 nl min1 . Microcapillary columns
are typically packed into fused-silica capillary tubing and
provide peptide detection and sequencing limits routinely in
the low-femtomole range.
An on-line capillary LC/MS/MS system consists of conventional HPLC pumps, transfer tubing, a pre-column flow
splitter, a liquid junction, a reversed-phase microcapillary
column and a tandem mass spectrometer (Fig. 6). The pumps
and mass spectrometer are controlled by the same software to
allow coupling between chromatography and ion detection.
The flow-rate at which the pumps operate ¾100 µl min1 
and the optimum flow-rate for the microcapillary column
(¾300 nl min1 for 75 µm i.d.) are vastly different. A simple flow restrictor (T-splitter) permits the gradient to form
quickly and be distributed to the microcapillary column
at acceptable flow-rates. A liquid junction (e.g. gold wire)
with high voltage (1–2 kV) is needed to promote electrospray. The microcapillary column is typically packed into
fused-silica capillary tubing with C18 silica beads. There are
many variables here, but one proven adaptation utilizes a
75 µm i.d. capillary with 5 µm C18 beads and a bed length of
12 cm.17,22,23
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Plate 1. Direct analysis of complex peptide mixtures by on-line reversed-phase liquid chromatography tandem mass spectrometry
(LC/MS/MS). (A) A protein mixture (e.g. cell lysate) is proteolyzed to a highly complex peptide mixture. The peptide mixture is
separated by reversed-phase LC. Some peptides are not amenable to analysis by reversed-phase LC (e.g. C3 ), but this does not
affect the ability to identify unambiguously the protein because many peptides are produced by the digestion of one protein. Eluting
peptides are first detected by a survey scan (single-stage MS scan). Co-eluting peptides (e.g. A1 , B2 , C4 ) usually present no problem
for sequence analysis by MS/MS because each peptide is first isolated from any co-present peptides prior to fragmentation. The
acquired tandem mass spectrum contains the sequence information for a single peptide ion. Occasionally, several ions derived from
one peptide (e.g. A1 exists as both singly and doubly charged ions) are sequenced. Bioinformatics software can be utilized to match a
theoretical (computer-produced) MS/MS of peptides from a sequence database with the acquired tandem mass spectrum. The entire
process is highly automated with generally one survey (MS) scan being followed by multiple sequencing (MS/MS) scans. (B) Timeline
of automated peptide sequencing by LC/MS/MS analysis. Five MS/MS scans representing the sequence analysis of five different
peptide ions occur in 11 s with no user input. During a 30 min analysis, more than 800 sequencing attempts (tandem mass spectra)
are acquired.
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Figure 5. (A) A comparison of peptide amino acid sequence analysis by N-terminal (Edman-type) sequencing and by MS/MS.
N-Terminal sequencing of a 12-mer occurs with the repetitive, chemical removal of the first (N-terminal) amino acid that is identified
by HPLC with UV detection. Each cycle requires about one hour and produces the identity of one amino acid. More critically, the
peptide has to be purified to homogeneity prior to sequencing. In contrast, sequence analysis by MS/MS occurs by acquiring a
single MS/MS scan (1–2 s). The precursor ion (peptide ion of interest) is first isolated and then fragmented to form a product ion
(MS/MS) spectrum. Because the location of peptide fragmentation along the backbone is predictable, computer software can be
used to match a predicted tandem mass spectrum from a database with an acquired tandem mass spectrum. (B) Multiple ion series
are present simultaneously in a tandem mass spectrum. A single fragmentation event produces two smaller peptides. Fragment ions
containing the original N-terminus are termed a-, b- and c-type series ions. Fragment ions containing the original C-terminus are
termed x-, y- and z-type series ions. Under low-energy conditions, the most commonly formed ions are b- and y-type series ions
that represent cleavage at the peptide (amide) bond. For example, cleavage at the Val–Glu peptide bond in the peptide shown
produces one singly charged b- and one singly charged y-type ion (b1 – 7 and y1 – 5 , respectively, in which the first number refers to its
charge state and the second represents its residue number). Sometimes cleavage of one peptide bond can produce multiple ions
(not just one b- and one y-type ion) because of the possibility of producing ions with different charge states (e.g. both y1 – 10 and
y2 – 10 are present in the spectrum in Plate 2).
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Figure 6. Schematic of on-line nanoscale microcapillary LC/MS/MS. The system consists of conventional HPLC pumps operating
at 100 µl min1 , a flow-restriction splitter, a fused-silica microcapillary column (75 µm i.d. 12 cm bed length, 5 µm C18 silica beads)
and a tandem mass spectrometer. The peptide sample is loaded off-line via a pressure cell onto the nanoscale capillary column at a
flow-rate of ¾300 nl min1 . The end of the column is then reattached to the flow-splitter. The peptides are then eluted from the
column by forming a gradient from 100% solvent A (0.4% acetic acid, 5% acetonitrile) to 70% solvent B (0.4% acetic acid, 95%
acetonitrile) with the pumps operating at 100 µl min1 . The flow is reduced at the splitter to ¾300 nl min1 using a simple restriction
capillary. The column is eluted at this flow-rate and peptides are ionized by electrospray ionization (¾1.8 kV). Eluting peptides enter
the mass spectrometer where they are focused, transferred and stored in the ion trap. For a single-stage MS scan the ions are
ejected to the detector. However, for an MS/MS scan, a specific peptide ion is isolated within the trap followed by gentle
fragmentation and finally fragment ion ejection and detection.

A sample can be loaded and eluted on the capillary column in different ways depending on its peptide
concentration and volume. (i) It can be loaded via an injection loop on a six-port valve inserted between the T-splitter
and the column. (ii) Loading off-line via a pressure-cell
maximizes sensitivity but requires significant sample handling, and loading large volumes >5 µl is time consuming
owing to the low flow-rate of 300 nl min1 . (iii) To alleviate this problem, the sample can be loading on to a
pre-column trap at µl min1 flow-rates for concentration
and fast desalting and then eluted to the reversed-phase column for separation. However, the sensitivity and robustness
are often greatly decreased in this system at sub-microliter
flow-rates. (iv) Recently, we have developed a strategy
has that makes use of a vented microcapillary column (Vcolumn) where the first few centimeters of the capillary
column are loaded with the sample at high flow-rates exiting through the vent. After closing the vent (switching the
position of a six-port valve), the bound peptides are eluted at
much lower flow-rates consistent with microcapillary HPLC
(300 nl min1 ) (L. Licklider et al., in preparation), which permits completely automated analyses when combined with
an autosampler.
Peptides eluting from the reversed-phase microcapillary
column are ionized via electrospray ionization. The peptide
ions are analyzed by a coupled tandem mass spectrometer.
In the case of an ion trap mass spectrometer, peptide ions
are focused, transferred and finally reach the trap where
they are stored in stable orbits. During the acquisition of
a full-scan mass spectrum, peptide ions in the trap are
sequentially ejected based on their mass-to-charge (m/z)
values to the detector where the signal strength of each ion
is measured. During an MS/MS scan, a selected peptide ion
is isolated within the trap by ejecting ions with other m/z

Copyright  2001 John Wiley & Sons, Ltd.

values. The isolated ion is then fragmented by the addition
of external energy and collisions with helium atoms. The
trapped fragment ions are then ejected to the detector to
produce a tandem mass spectrum containing the sequence
information for that peptide. The selection of peptide ions for
fragmentation can be performed in a completely automated
fashion with multiple sequencing (MS/MS) scans following a
single survey (MS) scan. In addition, the software controlling
the process can dynamically exclude peptide ions that have
been sequenced from further analysis to allow for peptides
of lower abundance to be selected for sequencing.
When even greater peptide separation is desired prior
to sequence analysis by tandem MS, multi-dimensional
chromatography can be employed.9,10,18,24 – 27 The most
common implementation utilizes a separation of peptides
in the first dimension by strong cation-exchange (SCX)
chromatography. SCX chromatography is an excellent choice
because (i) it removes intact trypsin by tight binding, (ii)
peptides bind in the presence of useful molecules that
carry no positive charge at pH 3.0 (e.g. SDS (or other
detergents), urea, DTT, etc.) and (iii) peptides are eluted with
increasing salt concentrations which are directly compatible
with reversed-phase chromatography.
Peptide elution is primarily based on peptide solution
charge and its hydrophobicity at pH ¾3.0. A single positive
charge is sufficient to adsorb the peptide to the column.
With the same charge, the hydrophobic peptide is eluted
later than the hydrophilic one. At pH 3.0 there are almost
exclusively amine functional groups contributing to the
solution charge state. The nominal charge of any peptide can
be determined by adding up the number lysine, arginine and
histidine residues with one additional charge contributed by
the N-terminus. Tryptic peptides generally have solution
charge states of 2C because they terminate in lysine or
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Plate 2. Identification of post-translational modifications by LC/MS/MS with database searching. (A) Phosphorylation results in a net
mass change of 80 Da to an affected serine, threonine or tyrosine residue. During fragmentation, the loss of the phosphate group
(as phosphoric acid, 98 Da) is common from serine and threonine residues. In the spectrum shown, the loss of phosphoric acid
from the precursor ion resulted in a prominent peak at m/z 987. The database searching software (Sequest) was able to identify
this phosphopeptide from more than 1500 tandem mass spectra generated during a 1 h LC/MS/MS analysis. In addition, the precise
phosphoserine residue out of two serines present was easily determined. (B) Ubiquitination results in a polypeptide (76 amino acids)
being attached to a lysine residue through an isopeptide bond. When a ubiquitinated protein is digested with trypsin, a remnant of
the original ubiquitin polypeptide is left as a dipeptide (Gly–Gly) still covalently attached to the affected lysine of the original protein.
By interrogating sequence database with and without the net additional mass of 114 Da, the precise site of ubiquitination site can
often be defined.
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Plate 3. The isotope coded affinity (ICAT) strategy for quantifying differential protein expression. (A) Chemical structure of the ICAT
reagents consisting of three features: a biotin tag, a linker for the incorporation of heavy isotopes (i.e. deuterium atoms) and a
functional group (iodoacetamide). The reagents come in two forms, heavy (eight deuterium atoms in linker) and light (eight hydrogen
atoms in linker). (B) Two protein mixtures representing two different cell states have been denatured, reduced and treated with
the isotopically light (open circles) and heavy (filled circles) ICAT reagents, respectively; an ICAT reagent is covalently attached to
each cysteinyl residue in every protein. The protein mixtures are combined, proteolyzed to peptides and ICAT-labeled peptides are
isolated utilizing the biotin tag. These peptides are separated by microcapillary high-performance liquid chromatography. A pair of
ICAT-labeled peptides is chemically identical and is easily visualized because they essentially co-elute and differ by 8 Da in mass
measured in a scanning mass spectrometer (4 m/z units difference for a doubly charged ion pair). The ratios of the original amounts
of proteins from the two cell states are strictly maintained in the peptide fragments. The relative quantification is determined by the
ratio of the peptide pairs. Every other scan is devoted to fragmenting and then recording sequence information about an eluting
peptide (tandem mass spectrum). The protein is identified by computer searching against complete protein databases. In theory,
every peptide pair in the mixture is, in turn, measured and fragmented resulting in the relative quantification and identification of
mixture components in a single analysis.

Copyright  2001 John Wiley & Sons, Ltd.

J. Mass Spectrom. 2001; 36

Proteomics: the move to mixtures

A

100%

2

50

1
35%

25

0.5
5%

percentage of buffer B

75

1.5

OD214

100

0

0
4 12 20 28 36 44 52 60 68 76 84 92 100108

SCX fraction numbers
B

hy

p
ra
og

at

m

o
hr

X

c

SC

RP-LC-MS/MS
Figure 7. Multi-dimensional peptide chromatography permits the analysis of thousands of proteins from a single sample. In the
example shown, 1 mg of whole cell yeast extract was proteolyzed with trypsin under reducing and denaturing conditions. (A) The
highly complex peptide solution was separated in the first dimension by strong cation-exchange (SCX) chromatography with UV
detection and fraction collection every minute (solvent A, 5 mM phosphate buffer, 25% acetonitrile, pH 3.0; solvent B, the same as A
with 350 mM KCl). (B) The collected fractions were then analyzed individually by the nanoscale microcapillary LC/MS/MS techniques
described in Fig. 6. As a result, more than 12 000 unique peptides were sequenced and more than 1600 unique proteins were
identified from 80 fractions using previously established criteria for database matching.9

arginine and have a free N-terminus. A solution charge state
of 3C is seen for tryptic peptides containing one histidine
residue. Tryptic peptides carrying a single charge in solution
at pH 3.0 are highly specialized representing either the Cterminal peptide from the protein, the N-terminal peptide
that is blocked (acetylated) or phosphorylated peptides. The
elution of peptides with solution charge states of 4C or more
are also specialized (e.g. disulfide-linked tryptic peptides,
missed cleavages, etc.).
Figure 7 shows the separation of 1 mg of tryptic peptides from whole yeast lysate by SCX chromatography.
Fractions were collected each minute and analyzed in the
second dimension by the same reversed-phase LC/MS/MS
techniques as already described. Because each fraction represented a unique subset of peptides for analysis, the combined
effect is the ability to identify automatically thousands of
proteins (from many thousands of peptides) from a single
sample. In the example shown in Fig. 7, more than 12 000
unique peptides were assigned and ¾1600 unique proteins
were identified (J. Peng et al., in preparation) using criteria
described previously.9
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In a typical experiment, about 10–20% of tandem mass
spectra lead to the identification of unique peptides with
reasonable confidence because of several factors. (i) The
majority of peptides are eluted in a relatively narrow window
(20–30% acetonitrile), resulting in a significant amount of
sequencing attempts being acquired when no peptides are
present (background ions). (ii) A peptide can be selected for
sequencing more than once because it is able to generate
several ions with different charge states (e.g. 1C , 2C and 3C )
and for very abundant ions, the isotope peaks may also
be selected. (iii) In order to identify a peptide without
ambiguity, only tandem mass spectra meeting stringent
criteria from database searching are considered a match.

PEPTIDE SEQUENCING VIA DATABASE
SEARCHING OF TANDEM MASS SPECTRA
Because the sequence information for a single peptide is
contained in one tandem mass spectrum, it is theoretically
possible to use a mass ruler to determine based on peak
mass differences the precise amino acid sequence of the
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peptide. Determining the sequence in this way (de novo) is
simply not possible for the majority of spectra obtained
because (i) more than one ion series is usually present
(i.e. sequencing the peptide from the N- and C-termini
simultaneously), (ii) ion series are rarely complete, (iii)
fragment ions are present in varying abundances, often with
associated losses of water and/or ammonia, and (iv) some
amino acids have very similar or identical molecular masses
(e.g. isoleucine and leucine, glutamine and lysine, etc.). For
these reasons, database-searching algorithms have become
an indispensable tool for the interpretation of tandem mass
spectra.
Several approaches are available for database searching
based on MS/MS data.20,28 – 31 The most useful software
algorithms allow for the identification of peptide sequences
directly from an LC/MS/MS analysis. For example, the
software algorithm Sequest matches a peptide sequence
with a tandem mass spectrum using the following steps:20 (1)
peptides with molecular masses matching that of the peptide
ion sequenced in the tandem mass spectra are extracted from
a protein database; (2) each peptide is given a preliminary
score by examining the number of predicted fragment ions
from the database peptide that match the acquired fragment
ions in the tandem mass spectrum; and (3) the top 500 bestmatching peptides undergo a more rigorous ion-matching
algorithm that generates a cross-correlation score. A list of
peptides with good correlation is returned to the user with
the top-scoring peptide being considered the best candidate.
These database-searching algorithms can also support
post-translational modifications of specific amino acids
(Plate 2). If, for example, the precise amino acid site of
phosphorylation within a peptide is the desired outcome,
the database search can differentially include the change in
mass associated with a phosphate molecule (80 Da) to each
serine, threonine and tyrosine residue encountered in the
database. Likewise, a ubiquitination event can be determined
because after trypsin digestion the modified lysine residue
of a ubiquitinated protein now only contains a dipeptide
remnant glycine–glycine of the original ubiquitin which can
be identified by a change in mass to an affected lysine residue
of 114 Da (J. Peng et al., in preparation).

QUANTITATIVE PROTEOME ANALYSIS
2DE-based proteome analysis provides information about
protein abundance at the gel level by comparing staining
intensities. However, when peptide mixtures are analyzed
directly by LC/MS/MS techniques, the original quantitative
information is lost. Recently, quantitative proteome analysis
techniques based on direct mixture analysis have been
introduced incorporating stable isotope labeling. Stable
isotope dilution involves the addition to the sample of
a chemically identical form of the analyte(s) containing
stable heavy isotopes (e.g. 2 H, 13 C, 15 N, etc.) as internal
standards. Because ionization efficiencies are highly variable
for peptides, the best-suited internal standard for a candidate
peptide is that same peptide labeled with stable isotopes.
Therefore, protein profiling is accomplished if two protein
mixtures are compared where one serves as the reference
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sample, containing the same proteins as the other sample but
at different abundances and labeled with stable isotopes.
In theory, all peptides from the combined, proteolyzed
samples then exist as analyte pairs of identical sequence
but differing masses. The peptide pairs have the same
physico-chemical properties and behave similarly under
any conceivable isolation or separation step. Thus, the
ratio between the intensities of the lower and upper mass
components of these pairs of peaks provides an accurate
measure of the relative abundance of the peptides (and hence
the protein) in the original cell lysates. Many groups have
independently reported measuring protein profiles based on
stable isotopes.23,32 – 35 The techniques differ in the method
of incorporation of stable isotopes and in the analytical
procedures used.
An example of one such technique is the isotope coded
affinity tag (ICAT) strategy shown in Plate 3. Proteins from
two mixtures are labeled with either a heavy or a light
reagent and then mixed together. At this point, any following
fractionation can be employed to reduce the complexity of
the mixture or enrich for proteins of interest. The relative
quantities between two mixtures remain constant. In the
experiment shown, the mixed proteins are digested with
trypsin and subjected to biotin-affinity chromatography for
selective isolation of only labeled peptides, which greatly
reduces the complexity of the peptide mixture. The peptides
are further separated and analyzed by LC/MS/MS. The
relative ratio of labeled peptide pairs is quantified by
comparing their peak areas in the LC elution profile.
Recently, this technique allowed the profiling of ¾300
proteins from yeast in a single experiment.2 Using the
same approach, ¾600 membrane proteins from mammalian
cells were compared under normal and apoptotic conditions
(D Han., personal communication).

CONCLUSIONS
MS-based sequencing of peptides is fast becoming a mature
technology capable of providing the platform for proteome
analysis. It is now possible to sequence thousands of peptides
representing hundreds to thousands of proteins from a single
sample taken directly from a cell lysate. In addition, protein
expression profiles between two cell states can be measured
directly from the mixtures by the incorporation of stable
isotopes.
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