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messenger RNA (mMRNA) screens for detecting

post-transcriptional and post-translational
events, tracking protein turnover and subcellular local-
ization, and analyzing fluids and other samples that lack
nucleic acids. Early efforts to profile proteins created
databases of protein gel mobilities following separation
by 2D gel electrophoresis (2DE) (7). This approach was
advanced by the introduction of mass spectrometry
(MS) instruments capable of complex manipulations of
ions in the gas phase and thus allowed fragmentation
and sequencing of peptides. Examples of fragmentation
processes in commonly used triple quadrupole and ion
trap mass spectrometers are shown in Figure 1. In each
case, peptide ions within a mixture are introduced into
the mass spectrometer, and they are manipulated with
electric fields to isolate one peptide analyte. The iso-
lated ion then collides with inert gases such as nitrogen
or helium in a process referred to as collisional induced

P rotein profiling confers unique advantages over

dissociation (CID); this process imparts sufficient energy

to break bonds within the peptide, producing many frag-
ment ions. The final step “reads out” these fragment
jons to produce an MS/MS spectrum, so named
because of the two-stage process. Concentrating a frag-
ment ion and further cleaving it by CID to produce a
three-stage MS> spectrum are also possible. A recent
review outlines the characteristics of different MS instru-
ments (2).

Protein chemists exploited these methods, using
in-gel digestion of excised gel pieces from 2D gels, fol-
lowed by matching peptide mass and sequence data
against genome database entries to identify proteins
(3). Subsequent development of public web sites with
computational algorithms for searching the protein
databases (e.g., http://us.expasy.org/tools (4—6)) has
made protein identification by in-gel digestion and MS a
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ABSTRACT Proteomics addresses the important goal of determining the chem-
istry and composition of proteins in biological samples. Mass-spectrometry-based
strategies have been highly successful in identifying and profiling proteins in com-
plex mixtures; however, although depth of sampling continues to improve, a gen-
eral recognition exists that no study has yet achieved complete protein coverage in
any tissue, cell type, subcellular component, or fluid. The development of new
approaches for comprehensively surveying highly complex protein mixtures, dis-
tinguishing protein isoforms, quantifying changes in protein abundance between
different samples, and mapping post-translational modifications are areas of active
research. These will be needed to achieve the “systems-wide” protein profiling
goals of defining molecular responses to cell perturbations and obtaining
biomarker information for disease detection, prognosis, and responses to therapy.
We review recent progress in approaching these problems and present examples of
successful applications and the outlook for the future.
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Figure 1. Peptide ion fragmentation by MS/MS yields sequence information.

Peptides are ionized as they enter the mass spectrometer and scanned for
parent ion mass. In tandem quadrupole instruments, ions of interest are
then selected for sequencing by electric field guidance into a collision cell,
where ions are activated by collision with an inert gas; CID and fragmen-
tation result. In ion trap instruments, ions of interest are concentrated by
field guidance into an electromagnetic trap, where they are accelerated in
the presence of helium, eventually accumulating sufficient energy through
multiple collisions to allow peptide fragmentation. From the fragmentation
patterns, sequence information can be derived and enable identification of
the peptide sequence and represented protein.

highly accessible technique. Trypsin is commonly
chosen for proteolysis because it is efficient and predict-
able and produces many peptides optimal for recovery
from gels and MS/MS fragmentation. In-gel digests were
initially analyzed by direct infusion at low flow rate with
electrospray ionization (ESI), in which analytes are intro-
duced to the MS inlet in liquid droplets sprayed from a
needle in a high-voltage field (7, 8). Alternative methods
combined proteolytic digests with a matrix, spotting
many samples onto a plate that is then inserted into a
mass spectrometer interface. A laser is used to volatilize
the matrix, carrying the peptides into the gas phase for
MS analysis; thus, this method is referred to as matrix-
assisted laser desorption ionization (MALDI) (9).

2D gels are attractive because they provide direct
information on protein abundances and modifications,
and several outstanding studies have used 2DE to iden-
tify novel cancer biomarkers or targets of signaling path-

ways (10-13). Approaches that combine protein enrich-

ment by fractionation with narrow-range p/ separations
or large-format 2D gels (14, 15) allow separation of up to
~10,000 features (“spots”) that can report sequence
variants and modified forms of proteins. However, the
method is limited in overall sensitivity as well as detec-
tion of hydrophobic, basic, or large proteins, and so far
no study has identified >1000 different gene products
from a single cell type or tissue (e.g., http://proteomics.
cancer.dk).

An alternative to 2DE involves separation of proteins
into fractions (e.g., multidimensional chromatography,
subcellular fractionation, or 1DE), followed by solution
proteolysis to generate peptides. The outlet of a
reversed-phase (RP) high-performance (or high-pres-
sure) liquid chromatography (HPLC) column can be
directly coupled to the ESI inlet of the mass spectrom-
eter to analyze complex peptide mixtures more effi-
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ciently, a method referred to as LC/MS or LC/MS/MS
(16, 17). This is often referred to as microionspray or
nanospray ionization, when adapted to low flow rate. RP
chromatography is ideal, because ESI requires that the
samples be delivered in a volatile solvent. Large num-
bers of peptides can be sequenced in a single run by
coupling RP columns to a mass spectrometer capable
of automated MS/MS triggered by MS peak detection
(18 19.

A limitation of LC/MS/MS of complex samples is that
peptides elute more quickly than currently available
mass spectrometers can collect MS/MS spectra. This
can be addressed by chromatographic prefractionation
of peptides prior to RP. The most common methods
utilize ion exchange or isoelectric focusing, either by
coupling columns in tandem with RP (20-24) or by col-
lecting fractions off-line. Another approach is to analyze
the sample several times by using different, overlapping
narrow mass windows (“gas-phase fractionation”, 25).
Early applications of multidimensional LC/MS/MS to
complex biological samples reported high-throughput
sequencing and identification of proteins in ribosomal
complexes and cell lysates from yeast (23, 24).

Because these strategies involve digestion of
complex samples containing many proteins, they are
often referred to as “bottom-up” or “shotgun” methods.
In contrast, 2DE represents a “top-down” approach,
because individual proteins are separated and com-
pared before MS analysis. One related top-down strat-
egy introduces intact proteins by ESI or MALDI to the
mass spectrometer and then profiles differences
between samples. This is used in surface enhanced
laser desorption ionization (SELDI, 26), where protein
mixtures are simplified by affinity enrichment on sample
plates and then ionized by MALDI. A major limitation of
top-down methods is that inefficient fragmentation of
large analytes by CID often precludes protein identifica-
tion, and most studies so far have been restricted to
high p/ and/or low-mass proteins (27, 28). However,
recent electron capture dissociation (ECD) or electron
transfer dissociation (ETD) methods, when combined
with high-resolution MS (FTICR MS) show promise in
alleviating this problem (29-31). Fragmentation
involves electron capture by the analyte followed by
free-radical-based backbone cleavage, which is largely
sequence-independent. A recent top-down study
reported 101 protein identifications from bacterial
whole-cell lysates (32), and an analysis of histones illus-
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trates the power of this approach for revealing complex
modifications of proteins and combinatorial regulation
of modification sites (33).

In-Depth Protein Identification by Bottom-Up
Proteomics. How feasible is it to identify every protein in
highly complex samples, such as whole-cell extracts?
In-depth profiling of all proteins is most efficiently
accomplished by solution digestion, because every
protein contains at least some peptides that are easily
sequenced by MS/MS. A limiting factor in detecting pep-
tides is the need to isolate each peptide in the mass
spectrometer for fragmentation. The number of different
expressed gene products varies with cell type, but in
mammalian cells they can reasonably be estimated at
~12,000 on the basis of studies of mRNA complexity
in mouse tissues and massively parallel signature
sequencing in human cell lines (34, 35). This predicts
~420,000 peptides generated by tryptic digestion that
are within the mass detection range of commonly used
mass spectrometers and chromatographically resolv-
able with commonly used HPLC systems. On average,
peptides are observed in 2 charge states, and split dis-
tributions of peptides or proteins between adjacent frac-
tions results in ~4-fold resampling. Thus, comprehen-
sive sampling would require resolving ~3.4 million ions,
even without considering the detection of additional
peptide forms due to splice variants and covalent
modifications.

Although the high resolving power and scanning
speeds of current MS instruments suggest that at least
one peptide per protein could be observed in complex
mixtures with relatively little separation, in practice,
peptide identifications fall short of surveying all pro-
teins. Recent studies examining the composition of
mammalian cells typically report identifications of
~2000 proteins, with some examples reaching up to
~5000 proteins (36 —40). One complication is that
useful peptide identifications are generated from only
~10% of MS/MS attempts. This occurs in part because
of uneven distribution of peptides across the sampling
space and because MS/MS spectra are often collected
on noise peaks or fragment ions generated outside the
ion trap/collision cell, which “distract” the instrument
from sequencing true parent ions. In addition, sample
complexity causes important limitations for in-depth
profiling. Weak ions that coelute with intense ions may
be missed when their intensity differences exceed the
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instrument dynamic range. MS/MS isolation windows of
~2 Da are typically used to achieve a high signal to
noise ratio, which leads to MS/MS of two or more coelut-
ing ions with the same m/z; complex “chimera” spectra
are generated that are usually difficult to assign. There-
fore, the ability to separate ions (peak capacity), the rate
of data collection (sampling rate), and the instrument
sensitivity are important technical limitations to address.
Of these problems, those due to ion coelution can be
minimized by sample fractionation. To the extent that
peptide mixtures can be simplified to separate elution of
weak versus intense ions, the sample loading can be
scaled to observe peptides present at low copy number.
Dynamic fill options, which limit the number of ions in
the trap/collision cell, can be used to limit saturation at
high loading. However, as more fractions are required to
sample lower-abundance peptides, in-depth profiling
becomes very time-consuming. Solutions are needed to
improve peak capacity by increasing analyte resolution.
Long RP columns (e.g., 80 cm) run at ultra-high pressure
and have been reported to yield ~7-fold greater peak
capacity (41), and ultra-high-pressure chromatography
systems should improve sam-
pling as they become robust
enough for nonstop operation.
Also under development are
ion mobility spectrometry
(IMS) methods, where ana-
lytes are separated in the
gas phase before fragmenta-
tion (42, 43), which when
commercialized may have a
significant impact toward
solving peak capacity
limitations.
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ions.

fragments.

Collision-induced dissociation (CID): A mech-
anism for fragmenting ions in the gas phase
by collisions with a neutral species. Collisions
convert ion kinetic energy to internal energy,
and this leads to the formation of fragment

MS/MS spectrum: This spectrum of fragment ion
masses is a two-stage process of isolating a
precursor by mass followed by CID or other
fragmentation methods and analysis of the

MS? spectrum: An extension of MS/MS, in which
one or more of the fragment ions are selected
and further cleaved by CID or other fragmen-

tation methods. The resulting MS> fragment

Computational Algorithms
for Peptide Identification. Pro-
teomics profiling relies on
search programs that match
MS/MS spectra to candidate
peptides in an automated
manner. Detailed descriptions
of current algorithms can be
found in several recent reviews
(44— 47). The most successful
algorithms calculate a score of
some type that evaluates simi-
larity between the observed
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ions reflect the composition of the MS/MS
fragment ions. MS? is often helpful when
MS/MS cleavage is inefficient.

Electrospray ionization (ESI): A method that
ionizes analytes and efficiently transfers
nonvolatile biomolecules from solution to the
gas phase. Analytes are introduced to the MS
inlet at atmospheric pressure via liquid
droplets sprayed from a finely drawn needle
held at a high potential relative to the inlet.
Large electric fields generate charged
droplets. Evaporation of solvent from the
droplets leads to increased charge density
and coulombic repulsion between analytes,
driving fission processes that eventually
create single, gas-phase analyte molecules.
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percentages of assignments that are false but
accepted and large numbers of assignments
that are true but rejected. A common practice is
to manually evaluate assignments with border-
line scores, although care must be taken to
avoid biasing results based on assumptions
that certain proteins are present in the sample.

Database of Observed spectrum Observed
protein sequences fragment m/z

Observed

precursor m/z Theoretical spectra
Peptide 1 — | 1111 11 I 1 _— Score 1
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Figure 2. Similarity scoring by search programs. For each MS/MS spectrum, a list of
peptide candidates is selected on the basis of parent ion mass. Theoretical spectra

corresponding to each sequence are then scored for similarity with the observed MS/MS
spectrum. Peptides are ranked according to score, with the top scoring sequence chosen
as the most likely assignment. Currently, most programs match fragment masses but not

intensities when comparing observed vs theoretical spectra because of difficulties in
quantitative prediction of relative intensities. However, new studies reveal improved

discrimination between correct and incorrect assignments when intensity information can

be predicted and assessed.
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MS/MS spectrum and a theoretical spectrum (e.g.,
Sequest) or that uses a statistical approach to evaluate
the probability of observing the MS/MS fragment ions
(e.g., Mascot) (Figure 2). A recent study reported a mea-
surable advantage of the probability-based Mascot
program over four others (Sequest, Spectrum Mill, Sonar,
and X!Tandem) with respect to the data capture achieved
with constant false positives (48). This agrees with our
own experience, where highest data capture was ob-
served with OMSSA (49), followed by Mascot, then
Sequest and X!Tandem (Resing et al., unpublished results).
The most widely used search programs often show
low discrimination between true and false assign-
ments. Researchers may be tempted into lowering
score thresholds in order to capture more data, but
this leads to acceptance of many false assignments.
The problem is aggravated in the search for post-
translational modifications or nonspecific proteolytic
products, which increases the effective search space.
As a result, studies may show large variability in the
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Orthogonal metrics are useful for filtering
incorrect assignments. For example, Peptide
Prophet uses a linear discriminant strategy to
develop weighting coefficients for different
scores generated by Sequest in order to
improve confidence of matches (50). Using the
difference between scores of the top two highest
ranked sequences as a filter also allows score
thresholds to be lowered without increasing the
false-positive rate (51). Voting methods that
evaluate consensus in sequence assignments
between two search programs also improve ac-
curacy, because they allow data capture at
reduced score thresholds (40). In addition, evalu-
ation of peptide chemical properties can mini-
mize inclusion of unlikely peptide assignments.
For example, effective ways to remove false
assignments are to evaluate the likelihood of
observing incomplete proteolysis products or the
concordance between sequence and chromato-
graphic behavior for candidate peptides (40, 52).

Most algorithms for similarity scoring evaluate frag-
ment ion masses without considering relative fragment
ion intensities. These would benefit from improved
methods to predict theoretical spectra, because frag-
ment ion intensities reflect rates of cleavage at different
bonds and therefore contain significant information
about the chemical plausibility of a candidate
sequence. To address this, one approach analyzes frag-
ment ion intensities in MS/MS spectral databases,
either by statistically evaluating intensities representing
bond cleavages between specific pairwise combina-
tions of amino acids (53) or by using machine learning
methods to model intensity patterns (54). Another
approach utilizes a library of observed MS/MS spectra
that have been averaged to remove noise and chemical
contamination (55, 56). Similarity scoring against spec-
tral libraries shows good results, although the libraries
so far contain only ~6% of possible peptide sequences
(3—4% of residues in yeast and human proteins). This is
because often only a subset of tryptic peptides from
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each protein shows highly efficient fragmentation and is
thus more highly represented in MS/MS searches, with
lower coverage expected for proteins that are less exten-
sively characterized. Thus, from an operational point of
view, the success of the libraries depends on repeated
observation of these subsets in different experiments.

A very promising approach is the prediction of theo-
retical spectra based on chemical models of gas-phase
fragmentation, including the prevalent “mobile proton”
mechanism involving protonation of a backbone car-
bonyl oxygen followed by subsequent cleavage of the
adjacent peptide bond (57-59). Zhang (60, 61) devel-
oped a kinetic model for known cleavage events and
then fit parameters describing these processes with
varying amino acids and gas-phase basicities by using a
large training set of MS/MS spectra. The optimized
parameter set was used to simulate MS/MS fragmenta-
tion from peptide sequences. Good agreement was
reported between theoretical and observed spectra, and
our lab has corroborated the performance of this algo-
rithm in predicting spectra in shotgun datasets (62).
Although chemistries that deviate from these models
are to be expected, the results indicate that current
models of gas-phase fragmentation chemistries are
mature enough to quantitatively predict relative frag-
ment ion intensities in most cases, yielding improved
discrimination of peptide assignments.

The Problem of Protein Inference. Ambiguity ensues
with protein “isoforms”, which share peptide sequences
that cannot be distinguished. These include identical
sequences, sequences with isobaric changes in resi-
due (replacing isoleucine for leucine), or those with
mass differences of 1 Da where MS/MS is collected
on the second isotope peak (which may resemble
replacement of aspartic acid for asparagine or glutamic
acid for glutamine). Often when the same peptide se-
quence or a close isoform is found in more than one
protein, replicate MS/MS spectra representing the same
peptide sequence are assigned different protein acces-
sion numbers. The same peptide sequence in a different
sample may be matched to a different protein entry; this
can introduce error when samples are compared and
lead to inflated protein counts.

Four algorithms exemplify different approaches to
evaluate whether a peptide assignment is found in
more than one protein entry. DTASelect and Protein-
Prophet use a data-dependent method for resolving
those ambiguities, considering the protein assign-
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ments made and looking for isoform “overlaps” (63,
64). IsoformResolver and DBParser invert the process by
creating peptide-centric databases, where each distinct
peptide sequence is represented once and then linked
to all protein entries containing that sequence (40, 65).
In this approach, only the peptide sequence is taken
from the search result, and protein assignments are
made by processing sequences against the peptide
database. With IsoformResolver, ~24% of protein
entries from a profile of a human sample could be
removed by eliminating redundancies between iso-
forms, and an additional 5% of proteins could be
removed by eliminating unlikely peptide isoforms with
lle/Leu or Asp/Asn substitutions. The need to unam-
biguously determine the composition of different
protein isoforms is an important concern when differ-
ences in protein abundances between samples are
compared.

Quantifying Changes in Protein Abundance. Stable
Isotope Labeling. Bottom-up proteomics requires ways to
report changes in protein abundance from peptide mea-
surements. A common strategy is to use stable isotope
labeling (e.g., >C vs *3C, **N vs **N, 2H vs *H) and then
mix the samples to allow internal comparison of peptides
between samples (Figure 3). Relative changes in protein
abundance can then be deter-
mined from the ratio of intensi-
ties between differential isoto-
pically labeled peptides.
Proteins can be covalently
labeled with stable-isotope-
labeled moieties (e.g., cysteine-
alkylating reagents, lysine-
coupling with methylisothio-
urea, and terminal carboxyl

KEYWORDS

Matrix-assisted laser desorption ionization
(MALDI): A laser ionization method efficient
for biomolecular analytes, particularly for
more hydrophobic species. Analytes are co-
crystallized with a matrix and deposited onto
a plate. UV laser activation of the matrix
carries some of the analytes, usually ionized
with a single charge, into the gas phase for
MS detection.

Surface-enhanced laser desorption/ionization
(SELDI): Analytes are first simplified by

labeling with *¢0 vs *®0-
labeled water) or metabolically
labeled with isotopically dis-
tinguishable amino acids,
allowing pairwise mixtures to
be compared (66-70). Multi-
plexed iTRAQ (isobaric tags for
relative and absolute quantita-
tion) reagents have also been
designed that allow chemical
coupling of isobaric adducts
onto peptides, which then
yield isotopically distinguish-

differential enrichment on solid supports via
affinity or ion exchange capture and washes
of varying stringency, then ionized from the
same plates by MALDI. SELDI is advantageous
for its simplicity of analysis but is limited by
the dynamic range of the MALDI method, the
resolution of the mass spectrometer, and its
inability to directly identify the analytes.

Quadrupole MS: A mass analyzer configuration

in which ions travel between four parallel
metal rods to which a radio frequency field is
applied. By scanning voltages, users can
select ions with varying m/z (typically 15—
2000 Da) for transmission to a detector and
monitoring. A tandem quadrupole configu-
ration is often used to perform MS/MS.
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Figure 3. Quantifying relative changes in protein
abundance by stable isotope labeling. Proteins
from different samples are differentially tagged
with isotopically labeled moieties, which include
amino acids incorporated by metabolic labeling,
or chemical adducts coupled covalently following
cell disruption. Differentially labeled proteins are
mixed and proteolyzed, and peptides are ana-
lyzed by MS. Relative changes in protein abun-
dance are reflected by ratios of peak intensity for
matched isotopically labeled peptides.

able fragment ions after
MS/MS (71). Published
studies have demonstrated
measurements of protein
abundance changes down to
30-50%, with high accuracy
and reproducibility in simple
mixtures. Chemical reactivity
may vary depending on
peptide abundance and thus
may increase the variability of
ratio measurements (72); as a
result, metabolic labeling is
gaining in popularity. Effects
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of metabolic labeling effi-
ciency and other variables of
this experiment on data interpretation have been com-
prehensively reviewed (73).

Quantitation of Peak Area Intensities. Label-free quan-
titation methods are promising alternative strategies,
and recent studies demonstrate the feasibility of quan-
tifying protein abundance ratios from peak area inten-
sities, measured in different samples that are unmixed
and run in parallel by LC/MS/MS. Although earlier
assumptions held that variable ion suppression of pep-
tides coeluting with different analytes would preclude
accurate quantitation, recent evidence reveals the
success of the approach when reproducibility of chro-
matography can be maintained. Stringent statistical
methods and replicate analyses are key considerations
when protein changes are identified. As with stable
isotope labeling, the approach works less well for low-
abundance proteins, because of the need to accurately
define peak boundaries and signal to noise ratio. In
addition, intensity assessment can be compromised
when ions with similar mass coelute, which is often
seen with complex mixtures. For these reasons, mea-
surements are most reliable when the sequence cover-
age of a given protein is high enough to identify =3 pep-
tides common to each sample. Initial studies demon-
strated linearity of peptide intensities for protein stan-
dards spiked into serum or plasma (74, 75). Other
reports have confirmed these results in shotgun data-
sets (76-78), and for peptides separated off-line by
ion exchange HPLC followed by RP LC/MS/MS, protein
ratios of ~2-fold or more can be quantified with high
confidence after summing over multidimensional steps.
Thus, although the approach is not as precise as stable
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isotope labeling, it nevertheless can be used to address
many types of biological questions, including those for
which labeling is not feasible.

LC/MS Quantitation Followed by Targeted MS/MS. An
approach that we will refer to as differential feature
detection (DFD) MS first surveys LC/MS peaks to profile
ions showing differences in intensity and then re-
analyzes samples by LC/MS/MS to selectively target
those ions for sequencing (79, 80). Advantages are that
the complexity of ions for MS/MS analysis can be re-
duced to those that are significantly altered between
samples, analogous to differential protein profiling by
2DE. These methods are related to “accurate mass tag”
concepts pioneered by Richard Smith, in which proteins
are profiled on the basis of accurate measurement of
peptide masses and peak intensities (81). Although
many MS instruments enable simultaneous collection of
MS and MS/MS data, the approach often requires a
separate LC/MS/MS run to target specific ions that may
not have been sampled initially. Computational algo-
rithms that are able to accurately align and profile fea-
tures between many separate runs are essential for this
approach and represent an area of active development
(82-84).

DFD-MS requires very reproducible chromatography
and repeated runs to gain statistical confidence in peak
intensity changes, given that peptides for each protein
cannot be grouped beforehand by sequence. Thus,
current applications involve separation of each sample
by a single RP run, although peak capacity consider-
ations indicate that high coverage of complex peptide
mixtures will require prefractionation by multidimen-
sional chromatography. DFD-MS has considerable
potential for analyzing samples with lower complexity
than whole-cell extracts, especially those for which
labeling is difficult. Applications to biomarker discovery
in human patient fluids is underway in pharmaceutical
and academic groups, and initial results seem very
promising.

Spectral Counting. This approach sums the total
number of MS/MS signals of any peptide in a given
protein, observed as different sequencing attempts,
charge states, or elution in different chromatographic
fractions. It is the simplest method to apply in experi-
ments requiring multidimensional peptide separations,
and it assumes random sampling statistics. Protein
ratios have been calculated from spectral count informa-
tion by adapting mathematical expressions used in

www.acschemicalbiology.org



serial analysis of gene expression that correct for differ-
ences in total spectra between samples and eliminate
discontinuity in ratio estimates (76). With these
methods, protein ratios 2-fold or greater could be esti-
mated from shotgun datasets, where the presence of
=4 spectra/protein in at least one of the samples was
required to estimate ratios with high confidence.

Ratios measured by spectral counts show higher
dynamic range than direct peak intensity or stable
isotope ratio measurements (76, 85, 86). Thus, spectral
counts more accurately quantify large changes in abun-
dance under conditions where incomplete sampling can
be assumed, whereas peak area intensity measure-
ments yield better estimates of smaller changes, with
greatest accuracy occurring as sampling approaches
saturation. For these reasons, the strengths of spectral
counting complement other quantitation methods.

A study comparing four replicate analyses of yeast
proteins labeled in rich (*“N-labeled) versus minimal
(**N-labeled) media showed greater reproducibility
between replicates when measuring ratios from spectral
counts than ratios of **N/*>N ions averaged over many
peptides (86). This was attributed to large variations in
4N/*>N ion chromatogram ratios between different
peptides corresponding to a given protein. Thus, global
measurements by spectral counting appeared more
reproducible than the isotope labeling measurements
that, while more precise, must be averaged over indi-
vidual ions. It will be a surprising but welcome trend if
the simplest and most accessible method for quantita-
tion turns out to perform best for many applications.

Multiple-Reaction Monitoring. An important goal for
proteomics is to quantify protein abundances in many
different samples (e.g., clinical specimens) to enable
statistical evaluation across populations. Large
numbers of samples cannot easily be surveyed by
global profiling, which requires the use of a candidate-
based approach in which a restricted set of targets are
selected for quantitation. Multiple-reaction monitoring
(MRM) MS is a multiplexed form of selected ion monitor-
ing that selectively observes an analyte by using two
mass filters, first scanning the mass of the parent ion
and then transitioning to scanning one or more fragment
ions generated by MS/MS (87-89). Analytes can be
quantified from peak heights of fragment ions, and this
has the advantages of achieving greater sensitivity over
full-scanning methods because of the restriction in
mass range and avoiding interference from coeluting
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molecules in complex mixtures. When isotopically
labeled internal standards are added, changes in abso-
lute concentrations can be obtained from fragment ion
current.

Although MRM has long been used for detection of
small molecules such as metabolites or drugs, interest
is growing in quantifying proteins based on peptide
MRMs, for example, in investigating polypeptide mark-
ers in patient fluids. In this approach, peptide and frag-
ment ion masses that uniquely identify specific proteins

are calculated, and experimental MS and MS/MS
spectra are used to identify subsets of peptides and
fragment ions with best intensity, which are then selec-
tively monitored. A recent analysis performed 137
MRMs on high- and medium-abundance proteins in
human plasma, and 47 proteins were quantified
between replicate runs (89). The results showed
proteins that were detectable to ~1 pg/mL, with high

precision over a dynamic
range of ~5 X 10%.

Recent Applications.
Among the best proteomics
studies are those that focus on
achieving comprehensive cov-
erage, seek to quantify tempo-
ral or comparative differences,
are statistically rigorous, apply
conservative rules to data
analysis, and validate conclu-
sions by independent means.
Methods developed to date
have shown the greatest suc-
cess in defining the protein
compositions of samples
that can be simplified by puri-
fication or enrichment. We
describe two successful appli-
cations of proteomics technolo-
gies, profiling proteins within
subcellular organelles and cel-
lular phosphoproteins.

Organelle Composition. An
ambitious global proteomics
study carried out comparative
profiling of four subcellular
compartments from six mouse
organs (37). More than 8
million spectra from 203

KEYWORDS

lon trap MS: lons are collected in a 3D or 2D
electrostatic trap to which a radio frequency
field is applied. Voltages can be varied to
focus and concentrate specific ions in the
trap while all others are ejected. CID can be
achieved by applying an excitation voltage to
the trap endcaps at a frequency in resonance
with the oscillation frequency of a precursor
of interest.

Time-of-flight MS (TOFMS): A mass analyzer
configuration in which ions are accelerated
through a large electric field and then allowed
to travel through a field-free flight tube, mon-
itoring the time taken to reach a detector.
Because velocity of travel is inversely propor-
tional to mass*/?, lighter ions reach the de-
tector more quickly than heavier ions.

Fourier transform MS (FT-MS): An MS config-
uration that detects signals on metal plates
from electrical currents produced by ion
oscillations. The hallmark of FT-MS is its high
resolution; 1-2 ppm mass accuracy or lower
can be achieved. A drawback is the long cycle
time required for acquisition of MS and
particularly MS/MS spectra.

Electron capture dissociation (ECD) and electron
transfer dissociation (ETD): These mecha-
nisms are used for gas-phase fragmentation
involving electron capture by an analyte to
form a free radical with high energy. Peptides
primarily undergo cleavage at backbone N-a.C
bonds to generate N-terminal “c” ions and
C-terminal “z” ions. ETD interfaced to an ion
trap eliminates the cutoff problem of CID
fragment ions and allows for the observation
of low-mass ions.
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LC/MS/MS experiments were used to define the subcel-
lular localizations of >3000 proteins, half of which were
previously uncharacterized. To accomplish this, the
researchers subjected the data to rigorous statistical fil-
tering and machine leamning analyses and validated
localizations of a handful of the new assignments by
independent means. The study illustrated how relative
abundances of different proteins could be determined
by spectral counts where 70% of cases were consistent
with mRNA expression measurements. The compen-
dium of data provides a rich source for mining biologi-
cally meaningful information for both organelle and
tissue expression of proteins.

Comprehensive profiling of specific subcellular
compartments were the goal of several investigations
that have yielded insights into the dynamic nature of
organellar protein composition. An analysis of the yeast
outer mitochondrial membrane accounted for 85% of
known outer mitochondrial proteins (90). Of note in this
study is the improved sampling obtained by LC/MS/MS
(85% of known yeast outer membrane proteins) com-
pared with a 2DE strategy optimized for membrane pro-
teins (31%). This study also defined a subset of “prepro-
teins” in the outer mitochondrial membrane, destined

for inner mitochondrial compartments.
Such analyses will invariably raise doubts about

KEYWORDS

lon mobility spectrometry (IMS): lons pass
through a drift tube filled with a neutral buffer
gas and charged with a uniform electric field.
The ions resolve on the basis of their mobility
as a function of analyte mass, size, and shape.
Tandem IMS-MS configurations enable sep-
aration of precursor ions, followed by pre-
cursor ion selection and CID. Advantages
are that complex mixtures of analytes can
be separated prior to the mass spectrometer
by a method orthogonal to reversed-phase
HPLC.

Mobile proton mechanism: A model to describe
a common chemical mechanism for gas-
phase peptide fragmentation in positive ion
MS. Peptides acquire charge by protonation
in an ion source, and protons rapidly redis-
tribute among different atoms in the molecule
according to relative basicity. Protonation of
the nth carbonyl oxygen on the peptide back-
bone enhances the rate of attack by the n—1
carbonyl oxygen to form a cyclized oxazolone.
Subsequent CO-NH bond cleavage vyields a
“b” ion containing the N-terminus, and a “y”
ion containing the C-terminus.
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proteins that appear to be
mislocalized. One strategy
for circumventing this prob-
lem is to use MS to profile
organelles separated by tra-
ditional fractionation tech-
niques, such as sucrose
gradient centrifugation,
rather than purified
organelles. Global
approaches to organellar
profiling start with crude
preparations (91, 92),
relying on differential density
centrifugation of subcellular

components and cosedimen-

tation of organelle marker
proteins to classify localiza-
tion. In this way, the Arabi-
dopsis organellar proteome
was mapped with an iTRAQ
stable-isotope-labeling

AHN ET AL.

method (91), and mouse liver organellar proteins were
mapped with label-free peptide ion intensity measure-
ments (92). Subcellular localization was confirmed by
independent means for only a few of the hundreds of
proteins identified in these two studies; this illustrates a
general problem that validation remains a rate limiting
step compared with the wealth of information revealed
by proteomics.

A series of elegant studies examined the composi-
tion of human nucleoli and quantified the dynamics of
exchange in response to metabolic inhibitors (93, 94).
Nucleoli were purified from Hela cells, and proteins
were separated into 16 —20 fractions by 1DE. After in-gel
digestion and LC/MS/MS, unique peptides were iden-
tified, and high-accuracy mass determinations were used
to help confirm the assignments. The study reported 692
proteins by 11,130 unique peptides, and they were repro-
ducibly observed between different organelle prepara-
tions. These overlapped with 87% of yeast proteins previ-
ously identified in nucleoli by global tagging strategies
(95), an indication that the proteomics sampling level
was close to saturation. Many proteins were novel or
previously uncharacterized and were further examined
as chimeras tagged with YFP. Of 18 YFP fusion proteins
tested, 15 were localized to nucleoli, a validation of the
ability of the proteomics screen to identify novel compo-
nents of this organelle (93).

The dynamics of nucleolar proteins were then profiled
with stable isotope labeling with amino acids in cell
culture (SILAC) with triple-coded isotopomers, and cells
arrested in transcription were monitored with actinomy-
cin D for varying times (94). Of the 489 proteins that
could be quantified, about one-third showed significant
changes in abundance within 150 min, which could be
ascribed to redistribution in and out of nucleoli. Interest-
ingly, the profiles showed coordinate kinetics of pro-
teins with shared functions, an indication that nucleoli
do not exchange components randomly but rather tran-
sition between definable states. Most likely, this reflects
unknown mechanisms for controlling removal or recruit-
ment of functional complexes in response to cell stress.

Phosphoproteomics. The comprehensive annotation
of the phosphoproteome is entering a period of explo-
sive growth because of recent advances in MS instru-
mentation and methods. Recently, it has become
common for a single study to identify hundreds or thou-
sands of phosphorylation sites, many of which were pre-
viously uncharacterized (96 -102). Phosphopeptides
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are difficult to identify in complex peptide mixtures for
several reasons. Phosphoserine and phosphothreonine
are labile upon peptide ionization; this alters the chem-
istry of peptide fragmentation, with much of the ionizing
energy frequently absorbed in the neutral loss of H;PO,,
rather than peptide bond fragmentation (103). Neutral
loss of HPO; also sometimes occurs with phosphoty-
rosine, phosphoserine, and phosphothreonine (103).
This complicates the problem of correctly identifying the
peptide as well as determining occupied sites on pep-
tides with more than one phosphorylatable residue. An
emerging approach to alleviate this problem is the use
of ETD, which allows rapid fragmentation and retention
of post-translational modifications on the fragment ions
(104). Computational methods have yet to satisfactorily
address various obstacles in phosphopeptide identifica-
tion, which relies heavily on manual validation. Thus,
current limitations in data analysis present a barrier to
large-scale phosphorylation site mapping.

Low-phosphorylation stoichiometry, especially on
low-abundance proteins, increases the difficulty of sam-
pling phosphopeptides from complex mixtures.
Approaches to solve this problem exploit the unique
chemical properties of phosphate groups in order to
enrich phosphopeptides relative to high background
unphosphorylated peptides. Most studies combine
separation techniques with biochemical methods for
affinity selection. For example, many studies have used
immobilized metal ion affinity chromatography (IMAC)
or phosphospecific antibody-coupled resins to enrich
phosphopeptides or phosphoproteins, followed by RP
LC/MS/MS (97-102). Other enrichment strategies capi-
talize on the unique chemical reactivity of phosphoester
bonds on phosphopeptides, often exploiting the
B-elimination reaction of phosphoserine or phospho-
threonine, which allows subsequent addition of tagged
adducts at the site of phosphorylation (105, 106). An
alternative chemistry involves the reversible capture of
phosphopeptides by amine-containing solution poly-
mers (107). However, chemical coupling methods often
involve complex sample handling and have not yet
proven successful for in-depth profiling.

Quantitation of phosphorylation dynamics in a bio-
logically meaningful timescale is a major area for devel-
opment. Stable isotope labeling is often used to quan-
tify changes in phosphopeptides and is currently the
best means for circumventing problems due to irrepro-
ducible recovery from affinity columns (108-110).

www.acschemicalbiology.org

However, the approach can be difficult to reproduce, as
illustrated by a study of tumor necrosis factor-« signal-
ing in Hela cells, where proteins from stimulated and
unstimulated cells were reciprocally labeled with **N
and *°N stable isotopes followed by IMAC enrichment of
phosphopeptides (111). Although many phosphopep-
tides were observed in common between the two experi-
ments, none of the phosphopeptides altered by =2-fold
in one experiment could be quantified in the reciprocal
experiment. Perhaps the biggest challenge with quanti-
tation in phosphoproteomics is the necessary reliance
on data from single peptides, which have lower statisti-
cal power compared with experiments in which multiple
peptides can be quantified for the same protein. High-
throughput experiments also require protein profiling to
be carried out in parallel, in order to confirm that
changes occur in phosphorylation stoichiometry rather
than protein abundance.

The unique gas-phase fragmentation behavior of
phosphopeptides upon CID can also be exploited to
preferentially select for phosphopeptides, in essence,
adding an enrichment step within the mass spectrom-
eter. Some investigators set instruments so that only
peptides demonstrating neutral loss of H;PO,, (—98 Da)
will be selected for sequencing. Fragmentation of the
neutral loss fragment generates an MS> spectrum that
selectively represents the phosphopeptide, often reduc-
ing background from coeluting unphosphorylated pep-
tides. MS? sequencing has been used to identify hun-
dreds of phosphopeptides from mammalian cell
systems (96, 100), although phosphorylated residues
that do not exhibit neutral loss of H;PO, (phosphoty-
rosine and about one-third of phosphoserine or phos-
phothreonine sites) will be unrepresented in the
experiment.

A promising alternative strategy is to use negative ion
mode detection to exploit the high intensity of phos-
phopeptides and derivatives. In one form of negative ion
precursor scanning, the loss of negatively charged PO~
or H,PO, ™ ions from phosphopeptides yields relatively
selective —79 Da and —98 Da signatures that can be
traced back to the parent (112, 113). Switching from
negative to positive ion mode then allows positive ion
CID and sequencing of the phosphopeptide (Figure 4).
Because unphosphorylated peptides are invisible in this
experiment, phosphopeptides are preferentially identi-
fied and can be relatively quantified from the intensity of
the —79 Da precursor ion. The approach shows signifi-
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Select phosphopeptides as precursors of =79 Da ions:
Negative mode
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Figure 4. Identifying phosphopeptides by negative ion precursor
scanning. This figure illustrates a method for manipulating ions to
selectively sequence phosphopeptides in a tandem quadrupole mass
spectrometer. a) Peptides and phosphopeptides eluting from nano-
flow RP-HPLC are scanned for loss of PO~ in negative mode by
scanning Q1, fragmenting in Q2, and monitoring for the phosphate
marker ion (red “P”) by fixing Q3 at —79 Da. b) When a phospho-
peptide signal is detected, the polarity is switched to positive mode,
the ion is selected in Q1 and fragmented in Q2. The ions are scanned
in Q3 in linear trap mode to acquire the MS/MS spectrum for sequence
identification. (Described in ref 112.)

cantly higher sensitivity for phosphorylation site identifi-
cation compared with positive ion detection. However, it
has not yet been widely applied to analysis of phos-
phopeptides in complex mixtures because of problems
with ion suppression. Nevertheless, these and other
methods illustrate how gas-phase manipulation of spe-

cific peptide chemistries may provide strategies for
future development in profiling protein covalent
modifications.

Summary. Proteomics is currently far from routinely
achieving the depth of profiling enabled by DNA hybrid-
ization technologies. Nevertheless, these methods are
needed to complement global mRNA measurements
and to enable the analysis of samples that are inacces-
sible to technologies based on nucleic acids. Rapid
progress is being made in solving the many technical
limitations, such as incomplete sampling, peak capac-
ity, and automated computational spectral analysis. The
need to simplify complex mixtures and increase resolu-
tion of peptide and protein analytes is being addressed
through improved methods for chromatography and bio-
chemical separations, as well as advances in MS instru-
mentation that are generating faster scanning and more
sensitive instruments.

An important emerging trend is the development of
increasingly sophisticated methods to manipulate ions
in the gas phase, within the mass spectrometers. For
example, early proteomics experiments required pro-
teins to be purified; this was superseded when auto-
mated triggering of MS/MS was made possible, fol-
lowed later by MS>, which allowed analysis of complex
mixtures. The example of negative ion precursor scan-
ning illustrates the utility of gas-phase manipulation for
chemical selection. Future capabilities for IMS analyses
of large peptides may also allow greater transfer of sepa-
ration steps to the instruments. We expect such capa-
bilities to eventually allow significant overlap between
the mass range of analytes observable by top-down
versus bottom-up strategies. As the analysis of larger
polypeptides becomes feasible, the problem of sample
complexity should be greatly simplified. Eventually, the
goal of rapid protein profiling on a global scale will be
possible.
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