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■ Abstract Mass spectrometry provides key tools for the analysis of proteins. New
types of mass spectrometers that provide enhanced capability to discover protein iden-
tities and perform improved proteomic experiments are discussed. Handling the com-
plex mixtures of peptides and proteins generated from protein complexes and whole
cells requires multidimensional separations; several forms of separation are discussed.
Applications of mass spectrometry–based approaches for contemporary proteomic
analyses are described.
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INTRODUCTION

The year 2002 celebrated the development of two key mass spectrometry ionization
techniques with a Nobel Prize in Chemistry. This award emphasizes the critical role
ionization of molecules plays in the measurement of ions using mass spectrometry;
ionization techniques are truly the “horses that pull the cart” in this field. In a great
convergence, these new ionization techniques emerged as plans to sequence the
human genome and the genomes of other organisms came into the mainstream.
Although the enthusiasm for whole genome sequencing overshadowed the role of
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protein biochemistry in deciphering the information derived from these projects,
these ionization techniques enabled new, more sensitive, and higher-throughput
approaches for the analysis of proteins and triggered the development of new
and improved types of mass spectrometers. Together, these devices are making
significant inroads into the translation of the data derived from genome sequences
into biological discoveries.

Genome sequences are analyzed to identify genes that are translated into pro-
teins, and this set of information has provided a sequence infrastructure to ana-
lyze mass spectrometry data of peptides and proteins. In this way, proteins can
be identified, predicted protein sequences verified, modifications determined, and
alternative splicing discovered. The dynamic nature of protein expression, the
splicing together of different exons to create protein variations, and the use of reg-
ulatory modifications present significant challenges to translate the information
derived from genomics into biological understanding. Explosive developments of
technology and methodology in the field of mass spectrometry and proteomics
are providing improved or new strategies to speed biological discovery. This
review covers strategic developments in mass spectrometry and applications to
proteomics.

MASS SPECTROMETRY

Mass spectrometers consist of three basic components: an ion source, a mass
analyzer, and an ion detector. Molecules need to be converted into gas-phase ions,
and thus a method is required to transfer molecules from solution or solid phase
into the gas phase as ions. Ions are then separated in a mass analyzer on the basis
of mass-to-charge ratio. Ion motion in the mass analyzer can be manipulated by
electric or magnetic fields to direct ions to a detector in an m/z-dependent manner.
Ions strike a detector generating a record of the number of events or the electrical
current created.

Ionization Techniques

Ionization techniques are critical to convert molecules into ions that can then
be manipulated within electric or magnetic fields. The challenge with biological
molecules such as peptides and proteins is to convert polar, zwitterionic molecules
into gas-phase ions without degradation or fragmentation.

ELECTROSPRAY IONIZATION Electrospray ionization (ESI) creates ions by spray-
ing an electrically generated fine mist of ions into the inlet of a mass spectrometer
at atmospheric pressure (17). By creating a potential difference between the cap-
illary through which the liquid flows and the inlet to the mass spectrometer, small
droplets of liquid are formed. These are transferred into either a heating device to
cause evaporation of solvent or a device to induce fragmentation of the droplets
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into increasingly smaller sizes. Once the droplets have reached the Rayleigh limit
(the point in which charge repulsion exceeds the surface tension of the droplet),
ions are desorbed from the droplet to create bare ions, which are then transmitted
into the ion optics of the mass spectrometer. With proper tuning of the electrospray
elements (e.g., heat, gas pressure), this desorption proceeds rapidly. ESI can readily
convert solution-phase molecules into gas-phase ions; however, the ions produced
are multiply charged. This situation complicates calculation of molecular weight
because there is not a one-to-one relationship between m/z value and molecular
weight (z 6= 1). Multiple charging does, however, lower the m/z value observed
on the mass spectrometer, allowing the use of less sophisticated mass analyzers.

Steady advances in the application of ESI to the analysis of peptides and proteins
have been made. The most notable improvements have come from reduction in
the flow rate of the liquid used to create the electrospray and thus more efficiently
create ions. Smith et al. (65) showed that when small-diameter capillaries are
used for capillary electrophoresis (CE), the flow rate is significantly reduced and
sensitivity is improved. Emmett & Caprioli (14) demonstrated the same principle
with capillaries packed with reversed-phase (RP) packing material for small-scale
liquid chromatography (LC). A key element to achieving electrospray stability
at low flow rates is the presence of a small-diameter orifice at the end of the
capillary. An added advantage to the use of separation techniques with low flow
rate ESI is an increase in the concentration of the analyte as it elutes off the
column. Separated molecules elute in a smaller volume of liquid at low flow rates
in short periods, which increases the amount of material introduced into the mass
spectrometer. Wilm & Mann (76) showed the use of low flow rates for infusion-
based electrospray to produce long ionization times for small volumes of sample.
Over time the utility of this method decreased as limitations of signal to noise
of mixture infusion became apparent, prompting the development of methods to
identify peptide signals among a high background of noise (32).

MATRIX-ASSISTED LASER DESORPTION IONIZATION To use laser energy to convert
molecules into gas-phase ions has been a long-standing goal. Laser light has a
specific energy level, but attempts to use this energy to effect thermal desorption
of molecules into gas-phase ions were ineffective. Tanaka (70) finally demon-
strated that ions could be desorbed from a glycerol-based liquid laced with a finely
powdered metal. Rather than tuning the laser energy to absorption wavelengths of
the analyte, a “matrix” that absorbs the energy of the laser is used to assist and
promote thermal desorption. The glycerol/metal powder method quickly gave way
to an approach that is based on cocrystallization of the analyte with an organic
matrix, matrix-assisted laser desorption ionization (MALDI), as a more practical
and reliable method to produce ions (27). A pulsed laser is used to deposit energy
into the matrix, causing rapid thermal heating of the molecules to desorb molecules
and ions into the gas phase. Because a pulsed laser is used, this ionization tech-
nique produces ions in packets rather than a continuous beam and thus requires
a mass spectrometer that can either measure a complete mass spectrum without
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scanning a mass range or trap all the ions for a subsequent mass analysis. This
type of ionization has seen an interesting number of uses over the past few years.

The speed of analysis depends on how fast the laser can be pulsed. Over the
past few years the typical laser used for MALDI applications has been a 20-Hz
nitrogen laser (314 nm). Recently, 200-Hz lasers that increase the rate of analysis
by a factor of 10 have appeared. An increase in speed improves the speed of protein
identification experiments and creates new analytical applications. Walker et al.
(73) first demonstrated the deposition of separations onto a sample plate used for
MALDI. Preisler et al. (56) and Rejtar et al. (55) integrated CE separations with
MALDI by depositing the effluent of the CE separation in a continuous stream on
the sample plate for high-speed and parallel MALDI experiments. Griffin et al. (22)
deposited effluent from LC separations in discrete spots on the MALDI plate that
was then combined with a tandem mass spectrometer for peptide analysis. Ericson
et al. (16) performed multiplexed chromatographic separations in combination
with sample deposition on a MALDI sample plate. An advantage to performing
separations off-line is the ability to multiplex separations and store them for future
analyses. Furthermore, because the pulsing of the laser is controlled by the operator,
after each pulse the data can be evaluated and decisions can be made as to how
to proceed. Paralleling of off-line separations is effective when the speed of mass
spectrometry analysis for each separation is dramatically faster than the separation,
as a mass spectrometer is a serial analysis device.

The ability to analyze mixtures of peptides and polypeptides has presented
new analytical opportunities for MALDI mass spectrometry. Sample plate sur-
faces have been modified with separation chemistries to allow molecules to be
enriched prior to application of matrix or to immobilize affinity reagents such as
antibodies to enrich for a specific molecule. In addition, MALDI can be used for
molecular imaging of thin slices of tissues and cells (7, 8, 20, 38, 60, 68, 71,
78). Tissue imaging is performed by collecting thin sections from tissues tumors
and then spreading them onto a MALDI sample stage. The surface of the tissue
is then coated with an organic matrix. The laser is then scanned incrementally
across the tissue’s surface to ionize peptides and polypeptides. Ion images can be
reconstructed to identify sections of the tissue where specific types of peptides or
polypeptides localize. Ultimately, this method may have uses in the diagnosis of
diseases (by identifying molecular patterns associated with specific types of dis-
eases). Several analytical challenges are associated with this method. Ionization
and mass analysis are typically biased toward lower-molecular-weight components
in the tissue because ion suppression results from the molecular complexity of the
tissue sample. Slow scanning speeds are necessary to increase ion image density
across the tissue, but resolution is still insufficient to observe subcellular structures
(e.g., image organelles). Ion suppression resulting from sample complexity can be
relieved by separating protein mixtures prior to ionization.

Petricoin et al. (53) used separation surfaces directly on a sample plate to
perform chromatographic separations with serum samples. Material retained on
the surface is then analyzed by surface-enhanced desorption ionization (SELDI), a

A
nn

u.
 R

ev
. B

io
ph

ys
. B

io
m

ol
. S

tr
uc

t. 
20

04
.3

3:
29

7-
31

6.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

ni
ve

rs
id

ad
e 

Fe
de

ra
l d

e 
Pe

lo
ta

s 
on

 0
2/

05
/1

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



30 Apr 2004 16:19 AR AR214-BB33-14.tex AR214-BB33-14.sgm LaTeX2e(2002/01/18)P1: FHD

PROTEOMIC MASS SPECTROMETRY 301

variation on the MALDI technique, and the patterns of ions observed are analyzed
using statistical techniques to identify ions diagnostic of disease. This strategy has
been used to profile patient serum to identify patterns of ions that may be indicative
of disease state (53, 54). Yanagisawa and colleagues (53, 79) demonstrated a similar
analysis using the tissue imaging method to profile tissues of nonsmall cell lung
tumors. A limitation to both approaches arises from a bias against high-molecular-
weight proteins that are not observed in the analyses. At least with tissue imaging
the scanning speed of the laser is slow relative to the surface area needed to be
covered. Both methods, however, show promise for the discovery of biomarkers.

New Types of Mass Spectrometers

Ionization techniques deliver ions to the mass analyzer. Both MALDI and ESI are
soft ionization techniques in that ions are created with low internal energy and thus
undergo little fragmentation. Mass-to-charge ratios can be readily and accurately
measured for the intact ions, but this information does not provide data on the
covalent structure of the ion. For peptides and proteins in particular, data related to
the amino acid sequence of the molecule are desired. To generate this information,
new configurations of mass spectrometers have been developed to isolate ions,
fragment them, and then measure the mass-to-charge ratio of the fragments. These
devices are collectively called tandem mass spectrometers. The performance of
tandem mass spectrometers is differentiated in terms of mass accuracy, mass reso-
lution, robustness, and ease of operation (Table 1). The description below focuses
on reasonably new instruments or instruments whose performance and use have
recently become important in the field of proteomics.

LINEAR TWO-DIMENSIONAL ION TRAP Quadrupole ion traps have been an impor-
tant mass spectrometer for proteomic experiments (31). These devices are based
on the three-dimensional quadrupole, which traps ions in the center of the device
and then scans the ions from the trap to a detector (Figure 1A). Several issues limit
the performance of three-dimensional ion traps (31). First, there is a limit to the
number of ions that can be trapped in the device. Second, when ions are scanned
from the trap, half exit in the direction of the detector and the other half exit in

TABLE 1 Comparison of performance characteristics for new types of tandem mass
spectrometers

Instrument Resolution Mass accuracy MS scan rate MS/MS scan rate

Linear Ion Traps 2–15,000 100–300 ppm Moderate to fast Moderate to fast

Q-QIT 2000 300–500 ppm Moderate Moderate

TOF-TOF 20–25,000 10–20 ppm Fast Slow

FTMS 50–100,000 1–2 ppm Moderate Moderate

ppm = parts per million
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the opposite direction. Third, there is a limitation in mass accuracy and resolution,
although a narrow mass range scan can be employed to obtain high-resolution data
with improved mass accuracy. To circumvent some of these limitations, new mass
spectrometers based on a two-dimensional quadrupole ion trap mass spectrometer
have been developed (6, 59).

Two-dimensional quadrupole ion traps or linear ion traps can hold almost
10 times more ions than three-dimensional traps (59). This increased volume

Figure 1 (A) Schematic of a linear ion trap mass spectrometer. (B) Schematic of a
quadrupole mass filter linear ion trap mass spectrometer. (C) Schematic of a TOF/TOF
mass spectrometer. (D) Schematic of a linear ion trap–Fourier transform ion cyclotron
resonance mass spectrometer.
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Figure 1 (Continued)

significantly improves ion statistics during mass analysis. Ions are injected into the
linear trap through an end cap and then ejected from it (59). Doing so allows the use
of two detectors, since ions exit equally through the sides of the trap. Collecting
ions with two detectors doubles the ion current collected during a scan of the m/z
range. A second feature of the linear ion trap is the ability to scan at much faster
speeds (15,000 AMU/s versus 5500 AMU/s), which increases the number of scans
that can be acquired over the course of an LC analysis. Linear ion traps have limits
to the mass resolution or accuracy that can be obtained. At normal scan speeds
unit resolution (∼2000) is obtained, but slowing the scan speed can yield much
higher resolutions (15,000 resolution over a 10 AMU window). As scan speeds
are decreased, the mass range has to be reduced to minimize space charging—
a phenomenon resulting when ions of like charge are forced closely together,
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resulting in a perturbation of ideal ion motion in the electric fields. Tandem mass
spectrometry (MS/MS) experiments are performed in this device by separating m/z
measurement in time rather than space from ion isolation and collision-induced
dissociation. MS/MS experiments benefit from better ion statistics of the linear
ion trap as well as increased scan speed. Consequently, more data can be acquired
at better quality over a three-dimensional ion trap, but the resolution and mass
accuracy measurements of the ion trap are still limited.

QUADRUPOLE-QUADRUPOLE ION TRAP A novel use of the linear ion trap is to com-
bine it with two quadrupoles to create a configuration similar to a triple quadrupole
(37). When quadrupoles are combined with an ion trap, ions can be isolated and
fragmented outside the ion trap and then accumulated in the trap for analysis of
the fragment ions (Figure 1B). Additionally, ions can be simply passed through the
mass filters and accumulated in the linear ion trap for analysis. A further benefit to
this type of configuration is the ability to use alternative scan modes for the analysis
of ions (37). For example, precursor ion scans can be used to identify peptide ions
that produce a specific fragment ion m/z value. These types of scans have been
used to identify phosphopeptides and glycopeptides (4, 5). Although these scans
are useful to identify phosphopeptides, they require measurement of negative ions
to identify phosphate-containing ions and then a second experiment is required
to perform MS/MS on the positive ions to determine the sequence of the peptide
and the site of modification. Phosphopeptides create strong ion signals as negative
ions, but they don’t always create strong signals as positive ions. The strong anionic
nature of the phosphate decreases ionization efficiency of phosphopeptides such
that the signal observed for phosphopeptides is much lower than that observed for
nonphosphorylated peptides. These types of experiments are typically performed
using triple quadrupole mass spectrometers, so why use a linear ion trap as the
third mass analyzer? Ion traps typically show at least a 10-fold-greater improve-
ment in sensitivity of analysis than beam instruments by trapping the ions and
measuring each trapped m/z value in turn. The radio frequency–only quadrupole,
which doubles as a collision cell, can be used to collect ions prior to injection into
the linear ion trap used as a mass analyzer (26). Thus, the expectation is that a
large increase in sensitivity should be observed. An added advantage to the linear
ion trap is that product ion spectra can be acquired as a function of the internal
energy of the fragment ions by monitoring the stability of the ions as a function of
time (25). The result is a simplification of the tandem mass spectra for peptides.

TIME-OF-FLIGHT/TIME-OF-FLIGHT MASS SPECTROMETRY A type of mass analyzer
that has been effective in proteomics is the time-of-flight (TOF) mass spectrometer.
A mass spectrum is measured by determining the flight time of ions down a field-
free flight tube. The time-of-flight of ions is related to their m/z values and thus
a mass spectrum can be acquired. The major limitation to a TOF mass analyzer
is the inability to perform true MS/MS. Post-source decay and prompt fragmenta-
tion of ions have been observed, but when used with the standard TOF instrument,
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the ability to select ions for the analysis is severely limited and fragmentation of
peptides using post source decay (PSD) or prompt fragmentation is not general
(3, 66). Medzihradszky et al. (45) developed a tandem TOF mass spectrometer to
use the high-speed capabilities of the mass analyzer to create a high-throughput
tandem mass spectrometer (Figure 1C). The TOF/TOF instrument was equipped
with a MALDI source and a high-speed laser to create ions (2). Consequently, m/z
measurement is fast. A TOF mass analyzer is used in the ion selection process,
and the selected ions are then transferred into a collision cell. Analysis of product
ions occurs in a second TOF mass spectrometer. When performing MS/MS, how-
ever, the TOF/TOF does not show a dramatic increase in speed relative to other
types of mass spectrometers (e.g., ion trap mass spectrometer) unless there is a
large quantity of sample to generate a large ion signal. When sample quantities
are high, ions statistics for MALDI are better and thus the instrument does not
need to accumulate signal for long periods to improve signal to noise. The prod-
uct ion data for peptides, however, can be used for de novo sequencing despite
the increased complexity of fragmentation observed under high-energy collision
conditions (82). The use of a MALDI source to create ions for the TOF/TOF can
allow separation of the peptide fractionation process from the mass analysis, creat-
ing two separate workflows. In theory this could allow several separation stations
to create samples for one mass spectrometer, but this only improves efficiency
if the mass spectrometry analysis of each fractionated sample is faster than the
separation.

FOURIER TRANSFORM ION CYCLOTRON MASS SPECTROMETRY Two important pa-
rameters in the measurement of ions by mass spectrometry are mass resolution
(M/1M) and mass measurement accuracy. Mass resolution is useful to determine
ion charge states and isotopic distributions and to resolve isobaric ion (ions of
the same nominal mass) species. Mass resolution is also a critical factor in mass
measurement accuracy, as the narrower the ion envelope the more accurately the
peak centroid can be determined. A type of mass spectrometer with the great-
est capability for mass resolution and mass measurement accuracy is the Fourier
transform ion cyclotron resonance mass spectrometer (FTMS) (43). These devices
have been around for decades but have been experiencing a renaissance in the past
few years. FTMS operates by trapping ions in a cell within a static magnetic field
(Figure 1D). Under the influence of the field, ions assume a cyclotronic motion
in the cell about the z direction of the magnetic field. m/z can be determined by
measuring the frequency of motion of the ions. A breakthrough in ion cyclotron
resonance (ICR) technology occurred when Comisarow and colleagues (12, 43)
developed Fourier methodology to determine simultaneously the frequencies of
all ions. An electronic pulse is used to perturb the motion of ions in the cell into
coherence and then an electrical signal is measured as the ion motion decays to
incoherence. Coherent motion of the ions produces an electrical signal measured
between detection plates, whereas incoherence produces none. The time domain
signal is converted to a frequency domain by Fourier transform, and m/z values are
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derived from frequency of motion. Frequency can be measured with more accuracy
and precision than any other physical property.

Initial advances in FTMS occurred when the ion source was removed from the
ICR cell, allowing the use of ion sources such as fast atom bombardment (29).
Because the ICR cell requires a high vacuum for the long flight paths of the ions,
separation of the ion source and ICR cell allowed the use of ionization techniques
employing higher pressures or frequent breaking of vacuum to introduce samples.
More sophisticated ion guides and external ion traps were added to instruments to
better control the movement and injection of ions into the ICR cell. Initial work
with FTMS attempted to perform the MS/MS experiment within the ICR cell, a
process involving ion isolation, fragmentation, and fragment ion measurement.
Many technical and physical limitations prevented this strategy from achieving
routine practicality, although nice examples have emerged using electron capture
dissociation (ECD) to fragment intact proteins in the FTMS (28, 83). New efforts
have decoupled the MS/MS experiment from FTMS ion measurement to allow
the use of more efficient methods to isolate and fragment ions outside the FTMS.
In one case, two quadrupole mass filters have been used to isolate and fragment
ions, in which the ions are then collected in the final stage and injected into the
ICR cell. A second strategy is to use a linear ion trap outside the FTMS to collect
ions and then isolate and fragment the ions for injection into the ICR cell (75).
Inside the linear ion trap, ions can be counted and the proper number of ions can
be injected into the ICR cell. Overfilling the ICR cell results in space charging, in
which ions are repelled from one another, thereby distorting their natural motion
within the magnetic field, and underfilling the ICR cell results in poor signal to
noise. These changes may result in an instrument that could create a high impact in
proteomics.

The high mass accuracy and resolution of the FTMS has been used in several
ways for peptide and protein analysis. By using shotgun proteomic strategies, the
high mass accuracy of peptide ion measurements has been used as a method to
identify the sequence of peptides through database searches. With high accuracy
measurement, the molecular weights of peptide ions can be unique in a database and
thus be an identifying feature for a peptide sequence (13). In general, large peptides
that have been specifically cleaved are likely to be unique in a database. This
strategy has been used to profile the proteins expressed inDeinococcus radiodurans
strains under a variety of growth conditions (40, 64). A concern with this approach
is that there is no convenient method to determine a peptide’s cleavage specificity
from the m/z value of the ion, and as such the cleavage specificity is simply assumed
to match that of the enzyme used.

The analysis of intact proteins generally requires high-resolution mass mea-
surements to resolve highly charged ions and their isotopes. Although accurate
measurement of protein molecular weights can provide valuable information about
a protein’s sequence, such a measurement is frequently insufficient to identify a
protein and additional information such as ion fragmentation is required (48, 50,
62). Horn et al. (28) have pioneered the use of ECD for protein dissociation,
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and this method shows promise as a fragmentation method to identify proteins.
Once a protein has been identified, the molecular weight measurement becomes
extremely valuable, as it can help define posttranslational modifications in the
protein (33). Kelleher et al. (33) used stable isotope labeling together with frag-
mentation to identify protein modifications. Unless fragmentation information has
been obtained around sites of modification, it is difficult to identify the exact site
of modification. A second challenge for the analysis of intact proteins is separation
and delivery of the proteins to the mass spectrometer. Kelleher and colleagues (47)
have used off-line fractionation of the proteins to reduce the complexity of the
mixtures and deliver simplified mixtures of proteins to the instrument for analysis.
Despite the challenges, analysis of intact proteins is important to understand the
role of modified alternatively spliced forms of proteins in biological systems (35).

SEPARATIONS OF COMPLEX PEPTIDE
AND PROTEIN MIXTURES

A key element of proteomic analysis is the separation of peptides and proteins.
Separation provides a method to simplify complex mixtures and also serves as
a method to deliver molecules to the ionization source. This section discusses
only chromatographic methods of protein and peptide separation, since gel elec-
trophoretic methods for this purpose are well established.

Peptide separation techniques have come into new prominence as “shotgun
proteomics” methods have gained in popularity. Shotgun proteomics involves di-
gestion of a protein mixture into a collection of peptides, which is then separated
on-line with a tandem mass spectrometer. Tandem mass spectra are collected for
as many peptides as possible, and the results are then used to search through
databases to identify the proteins in the original mixture. In this type of analysis
the resolution of the separation is critical to the success of the analysis.

Chromatographic Separations

Shen et al. (61, 63) have explored the use of long columns with small diameters
to improve both separation and sensitivity of proteomic separation. Precolumns
were also used to improve loading and resolution of separations. One-dimensional
separations can be effective for the resolution of simple protein mixtures when
MS/MS is used to analyze the mixtures. Smith et al. (64) used accurate mass mea-
surements for the analysis of peptides; in this case the separation requirements
are not as severe as those required for an MS/MS analysis, but sufficient resolu-
tion is still required to achieve a high dynamic range for the separation. When
MS/MS is used for more complex mixtures to identify peptides, additional sep-
aration resolution is required. Multidimensional separation techniques have been
used to resolve increasingly complex mixtures (49). Link et al. (39) demonstrated
an integrated multidimensional separation technique to separate components of
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protein complexes. The method relies on an ion exchange separation of peptides
on a strong cation exchange (SCX) resin to fractionate on the basis of a charge in a
batch elution mode, and then a reversed-phase (RP) separation of each fraction is
collected directly off the SCX column. This approach has been used for mixtures
as complex as digested yeast cell lysates. Off-line multidimensional separations
have also been used for complex mixtures in which fractions are collected from
an SCX separation and then each fraction is subjected to LC/MS/MS (24). For
ease of analysis, the fractions are often delivered by an autosampler, although
this method does not seem to offer any analytical advantages over the integrated
multidimensional approach (51).

Affinity methods have also become important approaches to selectively frac-
tionate peptide mixtures. Methods have been developed to isolate peptides on the
basis of the presence of specific amino acids in the sequence or on the presence of
specific posttranslational modifications. Metal-affinity chromatography (IMAC)
used in combination with Cu(II) has been used to enrich peptides containing His
residues (21, 30). When IMAC is combined with an Fe(III) ligand, phosphopep-
tides can be enriched (18). Glycosylated peptides have been isolated with lectin
chromatography, and this method can be used to study glycosylation patterns for
proteins (21). These methods provide a mechanism to enrich samples with specific
structural features, but add additional steps that can limit dynamic range rather than
extend it through losses of sample to nonspecific absorption to surfaces.

Protein separations have been achieved by combining chromatofocusing with
RP chromatography using a C4 or C8 column (74). Chromatofocusing is a form
of chromatographic isoelectric focusing that uses an ion exchange resin and a pH
gradient to elute proteins by their isoelectric point. Chong et al. (11) used this
approach as an initial fractionation method followed by RP separations of each
fraction. Fractions can be collected or directly introduced into the mass spectrom-
eter. Separating proteins without the use of chaotropes or detergents to maintain
protein solubility can bias the types of proteins observed, and thus more effort is
needed to discover which types of proteins are missed by this procedure.

Capillary Electrophoresis Separations

Capillary electrophoresis (CE) is an alternative separation technique that relies on
the movement of molecules in a fused silica capillary. Although the separation of
peptides by CE has significant promise, it has yet to develop into a standard ap-
proach for proteomic analyses. The best conditions for the separation of peptides
by CE are not the best conditions for ionization of peptides by ESI. To circumvent
this problem, Preisler and colleagues (55, 56) used off-line deposition of CE efflu-
ent onto a MALDI plate to decouple the separation and ionization processes. When
vacuum deposition of the effluent is used, thin lines of separated peptides can be
deposited. Excellent sensitivity can be achieved when interfaced with MALDI, but
sampling times can become an issue requiring the use of faster lasers.

Multidimensional separations are also possible with CE. Tong et al. (72) demon-
strated a combined RP-CE separation for a ribosome protein complex. Peptides
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were step eluted from the RP packing material inserted at the head of the col-
umn, followed by a CE separation performed at lower voltage to slow the speed of
separation. Chen et al. (10) combined capillary isoelectric focusing (CIEF) with
capillary RP chromatography to separate complex peptides mixtures. Peptides are
resolved by their isoelectric points and then moved into a RP column for separa-
tion. A dialysis device in between the two columns is used to change the pH of
the solution and remove ampholytes used in the CIEF step (81). Multidimensional
separations using CE have the potential to add different separation modes to re-
solve complex mixtures but still require optimization to create robust and practical
separation techniques.

CIEF to fractionate proteins directly into a mass spectrometer has potential to
create a separation system similar to two-dimensional gel electrophoresis. Yang
et al. (80) demonstrated the separation ofEscherichia coliproteins using CIEF,
followed by molecular weight analysis using mass spectrometry. The advantage to
this approach is the ability to accurately measure the molecular weights of intact
proteins, but the value of the data was limited because it is difficult to identify
to the proteins without additional experimentation (as described above). As the
mass spectrometry experiments for protein identification become more general,
this approach will prove significant for the analysis of intact proteins.

SHOTGUN PROTEOMICS OF PROTEINS

The methods described above have been combined in various forms to create
a variety of methods for proteomic analysis. Proteomic analysis has for many
years relied upon the use of gel electrophoresis for protein separation, but over
the past few years chromatographic methods have played an increasing role in
proteomics and this area is briefly covered. Two approaches have emerged from
these developments: shotgun proteomics, also referred to as bottom-up proteomics,
and top-down proteomics.

Shotgun proteomics relies on the digestion of protein mixtures followed by
separation of the peptides and subsequent introduction into a tandem mass spec-
trometer. Tandem mass spectra are automatically collected for as many peptides
as possible and then those spectra are used to search protein sequence databases.
These approaches are well suited to the analysis of protein complexes, which
comprise a discrete set of proteins with a functional relationship, and shotgun pro-
teomics provides a sensitive technique to identify the components of complexes.
As an example, Cheeseman et al. (9) isolated components of the yeast kinetochore
to identify the subcomplexes. By using a method developed by MacCoss et al. (41),
Cheeseman et al. (9) were able to identify not only the proteins in the complexes
but also the phosphorylation sites. When site-directed mutagenesis was used, the
Ipl1 kinase, which associates with the kinetochore, was disrupted to identify which
sites in the complex were targets of this kinase. The analysis was done using an
LC/LC/MS/MS method to ensure peptide sequences were identified along much
of the protein sequences. By acquiring tandem mass spectra from peptides along
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much of the protein’s sequence, it can be determined if any of the residues are
modified.

The LC/LC/MS/MS approach for shotgun proteomics has been used to identify
proteins in more complex mixtures. Florens et al. (19) used this approach to identify
proteins expressed at various stages of development inPlasmodium falciparum, the
pathogen that causes malaria. Proteins from four different developmental stages
of this organism were identified, including a separation of membrane from soluble
proteins. Coordinate stage-specific expression was observed for a set of 138 pro-
teins, suggesting mechanisms for regulation of protein transcription. A variation
on this approach has been used with a selective reagent to isolate peptides con-
taining specific types of amino acids (23). Protein expression changes resulting
from a shift in carbon source in the growth media from glucose to galactose in
Saccharomyces cerevisiaeand those changes in proteins localized to microsomes
in mammalian cells after chemical induction have been identified. Shotgun meth-
ods are useful for the identification of hard-to-analyze classes of proteins such as
membrane proteins. Wu et al. (77) demonstrated the identification of membrane
proteins from rat brain tissues, and Blonder et al. (2a) demonstrated a prepara-
tion procedure for membrane proteins, employing an organic solvent to solubilize
the proteins. Recently, Schirmer et al. (58) identified proteins from the nuclear
envelope with potential links to diseases such as Charcot-Marie dystrophies. An
advantage to the shotgun method is that it is less biased toward membrane proteins,
as solubilizing proteins becomes less of an issue.

A related method for the analysis of proteomes involves the use of accurate
mass measurement to identify peptides. In a method developed by Conrads et al.
(13), a shotgun proteomics method is initially employed using LC/MS/MS to
identify peptides. An accurate mass measurement is then used to confirm the iden-
tification and to produce an accurate mass tag for the peptide. This tag combines
both the accurate mass measurement and the peptide’s retention time during RP
chromatography (40).

TOP-DOWN ANALYSIS OF PROTEINS

Although shotgun proteomics is an important strategy for the identification of pro-
teins in mixtures, this method is insensitive to the isoforms of a protein. Proteins
can be modified in different manners, including alternative splicing. An interesting
finding of the genome project was the smaller than expected number of genes, sug-
gesting the importance of covalent modifications and alternative splicing as meth-
ods to create functional diversity. New methods are needed for high-throughput
and accurate measurement and identification of intact proteins. Top-down mass
spectrometry approaches analyze intact proteins to identify both the protein and
any structural modification.

A key element to top-down proteomics is the ability to fragment intact proteins
in the mass spectrometer. Two strategies have shown promise for this purpose. The
first strategy uses ECD to fragment proteins. Low-energy electrons are fired at ions
captured in the ICR cell to cause their fragmentation (44). The second strategy
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uses charge state reduction through ion-ion reactions and then collision-induced
dissociation of a selected charge state to cause fragmentation of the ion (67).
Fragmentation by ECD appears to be more complete, allowing the identification
of protein modifications and amino acid sequence variations.

Meng et al. (46) have used the top-down approach to study small proteins from
Methanococcus jannaschii. The protein mixtures were separated off-line and then
introduced into an FTMS mass spectrometer by infusion. When a protein mixture
is infused into an ESI source, ion signals persist for many minutes, allowing more
time for the mass spectrometry analysis. To facilitate the analysis, Meng et al. (46)
have developed software to search protein fragmentation spectra through sequence
databases. Before a top-down approach will have a broad impact in proteomics,
the issue of separation and delivery of proteins to the mass spectrometer in a
large-scale manner needs to be improved and automation of the necessary mass
spectrometry steps needs to occur.

PROTEOMIC INFORMATICS

The computer analysis of mass spectrometry data has been a key tool for large-scale
and high-throughput protein analysis and has enabled proteomic style studies. A
principal method in shotgun proteomics analysis of protein mixtures is the database
searching of MS/MS data of peptides (15). Several strategies have been developed
to measure the uniqueness of a tandem mass spectrum to amino acid sequences
in the database. All methods are based on predicting the fragmentation pattern of
the peptide and then comparing the pattern to the fragments in the tandem mass
spectrum. Scoring of a match has been based on cross-correlation, fragment ion
frequencies, and hypergeometric probability (15, 52). Intensity models have also
been included in correlation analyses to improve matches between sequence and
spectra. Probability-based methods provide a statistical measure for the fit between
sequence and spectrum (42, 52, 57). The statistical relevance for quantitative com-
parisons can be determined through empirical analysis of known data sets and
establishing scoring cutoffs for a statistical confidence level (1, 36). Most of these
programs are suitable for the analysis of protein modifications. Large sets of data
have a further complication of filtering and assembling the data to establish the
set of proteins identified. Tabb et al. (69) developed a software program designed
specifically for the analysis data obtained from LC/LC/MS/MS. Proteomic style
analyses can generate large amounts of data and thus have a need for a high level
of automation in the data analysis.

CONCLUSION

As the importance of proteomics has increased, developments in mass spectrometry
have strived to produce new capabilities and improve performance. Developments
have occurred in two areas: improved mass accuracy and resolution, and speed.
As these developments are implemented into existing proteomic strategies and
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new strategies are developed, capabilities for proteomics should improve. Two
other elements of equal importance for proteomics are the ability to separate and
deliver peptides and proteins to the mass spectrometer, and suitable software to
analyze the mass spectrometry data. Separation methods based on multidimen-
sional LC are likely to improve, providing more resolution, sensitivity, and dy-
namic range. Furthermore, integrated multidimensional separations for proteins
will likely develop in the near future, superseding the off-line methods currently
used.
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