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1. Introduction
The ability to broadly identify and measure abundances

for biological macromolecules, especially proteins, is es-
sential for delineating complex cellular networks and path-
ways in systems biology studies. Enabled by the development

in the late 1980s of two “soft” ionization methodss
electrospray ionization (ESI)1 and matrix-assisted laser
desorption/ionization (MALDI)2,3 that prevent or limit frag-
mentation of large biomoleculessand the increasing avail-
ability of genomic sequence databases, mass spectrometry
(MS) has become a major analytical tool for studying the
array of proteins in an organism, tissue, or cell at a given
time, i.e., for proteomics. Such proteome-wide analysis
provides a wealth of biological information, such as se-
quence, quantity, post-translational modifications (PTMs),
interactions, activities, subcellular distributions, and structure
of proteins, that is critical to the comprehensive understand-
ing of a biological system.

MS instrumentation and bioinformatics tools have rapidly
evolved in recent years as a result of the ever increasing
demands for more powerful analytical capabilities in protein
biochemistry and the emerging field of systems biology. New
types of mass analyzers and complex multistage and hybrid
instruments provide new opportunities for diverse protein
and proteome analyses.4,5 In particular, instruments that
afford accurate mass measurements are being increasingly
applied in proteomics studies not only to determine protein
identity but also to help determine protein PTM states, as
well as interactions between proteins and other molecules
in a more unambiguous and higher-throughput fashion than
before.

Herein, we review the presently most important and
promising topics in proteomics applying accurate mass
measurements rather than the broader area of proteomics,
which has been discussed and summarized in many excellent
reviews.6-16 The two general approaches to MS based
proteomics and a brief discussion on the need for accurate
mass measurements complete this introduction prior to
reviewing high-resolution MS instrumentation and methods
that provide high mass measurement accuracy (MMA),
improvements in proteomics applications applying accurate
mass measurements, and developments in bioinformatics that
utilize high-mass-accuracy data to enable new data analysis
strategies.

1.1. MS Based Proteomics Strategies
In general, there are two different strategies for proteome

analysis using MS. One strategy is the so-called “bottom-
up” strategy [typically implemented as “shotgun” proteom-
ics17 or two-dimensional gel electrophoresis (2-DE)18-20

coupled to peptide mass fingerprinting (PMF)21-26], which
involves the conversion of proteins to peptides through either
enzymatic digestion or chemical cleavage prior to MS
analysis. Proteins can then be identified from mass measure-
ments of a set of peptides derived from the parent protein
(e.g., PMF) or from fragmentation of one or more of these
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peptides [using tandem MS (MS/MS)].27-30 As a result of
rapid developments in MS instrumentation that have in-
creased speed and sensitivity and in database searching
algorithms (e.g., SEQUEST and MASCOT),31-37 these two
MS based approaches quickly replaced the traditional Edman
degradation approach38 as the method of choice for protein
identification.

The second strategy approaches proteome characterization
from the “top-down”; i.e., individual proteins are selected
for mass measurement of the whole protein, gas-phase
fragmentation of the protein ions, and direct database
searching.39 While the top-down strategy is potentially
capable of providing full sequence coverage and important
information that might be unobtainable at the peptide level,

e.g., protein point mutation, protein PTMs, and protein
isoforms, all of which may be key factors that contribute to
protein functions, the current top-down approaches are
generally limited by throughput, separation peak capacity,
and fragmentation efficiency that are typically inferior to
those of the bottom-up methods. Protein sequence informa-
tion can be obtained by using, for example, Fourier transform
ion cyclotron resonance (FTICR) mass spectrometers along
with fragmentation techniques, such as electron capture
dissociation (ECD)40 and collision-induced dissociation
(CID). Top-down protein characterization can also be carried
out by using proton-transfer reactions on ion trap (IT)
instruments41 or electron-transfer dissociation (ETD) on
orbitrap mass spectrometers.42 Both ECD and ETD have the
advantage of providing complementary fragmentation of both
peptide and proteins, thus greatly enhancing database search-
ing for protein identification. Moreover, they allow labile
PTMs such as phosphorylation to be retained, which in turn
often allows unambiguous determination of modification
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sites. Therefore, by combining bottom-up and top-down
strategies, a proteome or subset(s) of a proteome (e.g.,
phosphoproteome) can be studied in unprecedented detail.

1.2. The Need for Accurate Mass Measurements
There are significant challenges in proteomics analysis that

stem from the tremendous complexity of biological systems
and the range of protein abundances in systems of interest
(often referred to as the “dynamic range” challenge). An
example of an extreme case is the blood serum/plasma pro-
teome, in which almost all expressed proteins can potentially
be present and span a concentration range of at least 10 orders
of magnitude, which exceeds the dynamic range of any
present single MS based analytical method or instrument.43

When proteins are converted to peptides by enzymatic cleav-
age, this already striking sample complexity is further in-
creased. The presence of multiple protein forms (e.g., iso-
forms, post-translational modifications, and truncated forms
that result from proteolysis) poses additional challenges for
proteome analysis. A practical solution for addressing these
issues is to use a “divide and conquer” sample fractionation
strategy; for example, selectively analyzing subsets of the
proteome that have been enriched by using different
techniques.44-47 Another fractionation strategy is to combine
a high-efficiency separation such as high-resolution 2-DE
or multiple dimension liquid chromatography48,49 with MS.
The use of different separation techniques in protein and
peptide profiling can also provide very useful physical and
chemical property information, e.g., molecular weight (Mr),
isoelectric point (pI), hydrophobicity, and affinity to certain
matrices, that is useful for improving protein identifications.

Regardless of the level of separation, identification of
peptides/proteins by either MS or MS/MS typically relies
on matching parent ions or fragment ion masses to a

theoretical database derived from protein sequences for a
given genome. The confidence of identifications strongly
depends on the accuracy of the mass measurements, espe-
cially in the case of highly complex samples derived from
higher organisms (e.g., human). It is well-known that the
number of possible amino acid composition candidates
rapidly decreases with increasing MMA.35,50-55 For example,
a MMA of (1 part per million (ppm) can exclude 99% of
peptides that have the same nominal mass but different
elemental and amino acid compositions, which results in a
high degree of confidence in peptide characterization.53 One
of the most popular types of tandem mass spectrometers that
are being used in proteomics studies, the linear ion traps,
are capable of acquiring hundreds to tens of thousands of
tandem mass spectra over the course of one liquid chroma-
tography separation (LC-MS/MS); however, the MMA
achievable is generally low.56 Thus, a large percentage of
proteins can be misidentified, depending on the scoring
criteria used to “filter” MS/MS data that are searched against
a database.57-60 The use of high scoring thresholds can
significantly lower the false discovery rate (FDR), but at the
expense of losing a fraction of the true positive peptide
identifications. Various statistical approaches have been
developed to estimate the FDR in a given data set to ensure
that quality protein identifications can be made through large
scale MS/MS experiments;57,58,60-65 however, obtaining
confident peptide identification remains challenging with
these approaches.

The specificity of peptide identifications can be signifi-
cantly improved by using multiple MS stages (MSn)66,67 or
complementary fragmentation techniques (e.g., ECD com-
bined with CID68), as well as by measuring the mass of
peptide ions at high MMA.35,51,53,69,70Although MS/MS
analysis is effective for identifying peptides and proteins,
the number of detectable peptides that elute during a typical
LC-MS/MS analysis generally far exceeds the ability of the
tandem mass spectrometer to perform CID on all of them:
“too many peptides; too little time”. In addition, a compre-
hensive proteome analysis often requires information regard-
ing temporal changes in protein expression be collected on
a global scale, which demands a high-throughput MS
capability for in-depth and reproducible protein identification
and quantification from substantially identical samples. These
needs can be addressed by using the concept of an “accurate
mass and time (AMT) tag”; that is, if the mass of a peptide
can be measured with sufficient MMA along with accurately
measured LC elution time such that the detected LC-MS
feature is unique in the mass and time space among all
possible peptide candidates in a mass and time tag database
pre-established for the proteome using LC-MS/MS, then it
can be used as an AMT tag for higher-throughput peptide/
protein identification by circumventing the need for repetitive
MS/MS measurements.71

2. Mass Measurement Accuracy
There is a general lack of a single clear definition of mass

accuracy in the field of proteomics.72 In the classical
definition, accuracy is a degree of conformity of the
measured (or calculated) quantity to its true value. Precision
determines the degree to which measured (or calculated)
quantities show the same or similar result. In biological mass
spectrometry, one of the objectives is to accurately determine
a mass-to-charge ratio (m/z) of the biomolecules of interest
and, thereby, obtain their accurate masses using a “deiso-
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toping” algorithm. However, mass spectrometers experimen-
tally measure parameters other thanm/z [i.e., reduced cyclo-
tron frequency in FTICR MS or ion’s arrival time at the de-
tector in time-of-flight (TOF) MS], and calibration proce-
dures are needed to convert the measured quantities tom/z
values. Since experimentally measured parameters are often
affected by the complexity of the studied system that repre-
sents an ensemble of many particles and by the nonideal-
ity of an experimental apparatus, sophisticated correction rou-
tines generally need to be introduced into calibration proced-
ures to mitigate experimental imperfections if high accuracy
is to be achieved. Among the most prominent factors affect-
ing the accuracy of conversion of the experimentally mea-
sured quantities tom/z’s are the space charge effect, fringing
field effects, detector and acquisition system dependence on
the ion abundance, etc. Correction routines enable reduction
of mass measurement errors to sub-ppm levels in a single
measurement. Given multiple species are present in a mass
spectrum, an average or root-mean-square (rms) mass mea-
surement error is introduced as a metric of mass accuracy.

In a typical large-scale proteomic study, analyte detection
is augmented by high-performance separation of biomol-
ecules in the condensed phase, e.g., using on-line capillary
liquid chromatography (LC) or capillary electrophoresis (CE)
upstream of a mass spectrometer. This results in multiple
measurements of the same analyte over its elution/migration
profile from an LC/CE column and yields a distribution of
mass measurement errors that implies the use of statistical
tools. Based on the experimentally observed mass error
distributions (Gaussian type, gamma distribution, etc.),
several metrics that reflect the experimental accuracy on the
global scale are introduced. Each observed feature is
characterized by the mean error and the variance, and the
whole dataset, that may include>105 features, is represented
by the distribution of mean errors of individual features. A
single metric that reflects the accuracy of measurement in a
large-scale proteomic experiment is then represented by the
width of the above statistical error distribution within the
95% confidence interval. A similar approach is used for the
normalized retention times of the observed features. The
features that fit within the predetermined range (for example,
2 variances) of mass measurement and retention time error
distributions are searched against a genome database, yielding
peptide identifications. The latter are subject to further
statistical analysis aimed at establishing an FDR. Such an
approach enables objective control of the measurement
quality based on orthogonal characteristics such as MMA
and analyte retention time, and the resulting peptide iden-
tifications are obtained with a well-defined FDR.

Mass calibration procedures employed with MS instru-
mentation can be separated to external and internal calibra-
tions. External calibration employs a set of fixed calibration
coefficients in the course of the entire proteomic experiment,
often comprising hundreds of mass spectra. External calibra-
tion relies on the stability of instrumental parameters and
may result in significant errors if some of the parameters
are affected, for example, by temperature drift, space-charge
fluctuations, timing jitters, etc. Internal calibration is based
on mixing one or several standards or calibrants of known
m/z values with the analyte and then deriving them/z values
of the unknown species from the calibration equation
obtained with the standards. Though internal calibration is
more robust to variations in instrumental parameters, some
of the experimental deviations (e.g., excessive ion popula-

tions in the ICR traps) lead to nonlinear effects that reduce
MMA.

High mass resolving power is required to achieve sufficient
precision for accurate mass assignment. Though lower-
resolution mass spectrometers can achieve highaccuracy,
their application is limited to the analysis of target com-
pounds that are well-separated from other species in them/z
domain. For instance, triple quadrupole (TQ) instruments are
best suited to operate in selected ion monitoring (a particular
ion or set of ions is monitored) and selected/multiple reaction
monitoring modes (parent ions of a certain type and their
fragment ions are detected). These techniques are predomi-
nantly applied to the trace analysis of compounds that are
well-characterized in previous studies. Global analysis of a
complex sample with, e.g., TQ mass spectrometers operating
with unit resolution in precursor ion scanning mode is limited
to species that differ by more than(0.5 Da. The need for
high-resolution instrumentation is further exacerbated in
proteomic experiments and often represents a challenge for
accurate and precise mass determination of isotopic distribu-
tions that are significantly different in ion abundances and
are closely spaced (sometimes overlapped) in them/zdomain.

MS instrumentation capable of attaining low-ppm MMA
and high resolving power in a typical proteomic experiment
is presently limited to FTICR,73 orthogonal TOF,74,75 and
recently developed 3D electrostatic ion trap (orbitrap) mass
spectrometers.76 Measurement specifics for each of these
spectrometers follow.

2.1. FTICR Mass Spectrometry
Cyclotron motion was first employed in mass spectrometry

in the late 1940s with the introduction of the first ICR mass
spectrometer, called the omegatron.77 In this first device,
excitation was performed by applying a continuous field at
the ion cyclotron frequency, which resulted in charge
detection on a small collector blade. A mass spectrum was
obtained by scanning the electromagnet field to bring ions
of differentm/z into resonance. Since its inception in 1973,78

FTICR has been the subject of multiple reviews,79-86 several
journal issues,87,88and several books89,90that give a full-range
technical introduction to ion cloud behavior in combined
magnetic and electric fields, subsequent signal processing,
and technique applications. The reader is referred to these
publications for more information. The application of FTICR
in proteomics has also been recently reviewed.91,92

FTICR is well-known for obtaining high mass resolution
and has been experimentally demonstrated to exhibit a mass
resolving power of∼8 000 000 in an analysis of bovine
ubiquitin (8559.6 Da), which is sufficient to distinguish the
isotopic fine structure of the protein.93 This ultrahigh
resolving power was obtained in a high magnetic field of
9.4-Tesla (T) at a reduced number of ions and an increased
postexcitation radius. The number of trapped ions was then
further reduced by applying the stored waveform inverse
Fourier transform (SWIFT) ejection94 of all charge states but
one of a given protein. Following ejection of the unwanted
species, electrostatic potentials on the end-cap electrodes of
the trap were reduced to a few tenths of a volt over a minute-
long period to allow for efficient translational “evaporative”
cooling of the remaining ion ensemble. In a typical proteomic
experiment, the time scale for accurate mass measurement
is limited to∼1 s. This time scale poses a constraint on the
maximum achievable resolving power that is dependent on
the m/z of the analyzed ions and typically limited to
∼100 000.
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Ultrahigh mass accuracy and precision are achievable with
FTICR for several reasons.95 First, mass is determined by
measuring cyclotron frequency, a parameter measurable with
extremely high precision. Second, superconducting magnets
routinely achieve a time stability of a few parts per billion
per hour (ppb/h), providing the time stability of the measure-
ment. Third, the behavior of ions near the center of an ICR
trap is very accurately described by a three-dimensional
quadrupolar potential. Therefore, the frequency of ion axial
oscillation is independent of the ion coordinate near the
center of the trap. Fourth, the rapid cyclotron and axial
motions of an ion effectively time average spatial nonide-
alities. At sufficiently long transients (∼1-10 s), the slower
magnetron motion incurred (e.g., in side-kick trapping96) is
also time averaged. Given the low ion population in the ICR
trap, both mass precision and accuracy have been shown to
be in the sub-ppm range.97 However, the precision of high-
resolution FTICR does not guarantee the accuracy of
measurement, as systematic effects can produce deviations
between measured and calculated mass values.

To better understand factors that affect the detected
cyclotron frequencies in an ICR trap, it is important to
consider the FTICR detection system. An ion cloud trapped
in a combined trap experiences four basic motions that
include cyclotron motion, magnetron motion, axial oscilla-
tion, and rotation around its central axis.98 The attraction
between the space charge of an ion cloud and its image
charge in the trap walls causes a slow drift around the trap’s
central axis, in addition to the magnetron drift caused by
the trapping fields.99,100In conventional non-neutral plasma
experiments, this image-induced drift is dominant and the
motion it causes is called diocotron motion.98 As a result,
the detected cyclotron frequency,ωICR, is a superposition of
the fast and slow oscillation frequencies in the trap:

whereωICR, Ω, ωM, andωD are the detected, unperturbed,
magnetron, and diocotron frequencies, respectively;ωz is the
frequency of the axial oscillation;δsc is the space-charge
term;101 a is the geometry factor;Vt is the trapping voltage;
B is the uniform magnetic field;d is the characteristic length
of the trap;m/q is the mass-to-charge ratio of the ion;Fc

andrw are the ion cloud and trap wall radii,102 respectively;
and ωR is the ion cloud rotation frequency due toE × B
drift.

Equations 1-4 show that the detected cyclotron frequency
depends on the axial oscillation frequency, the number of
ions in the trap, and the ion cloud interaction with its image
charge. Low-m/z ions also experience relativistic shifts in
the measured cyclotron frequency;103 the effect is typically
ignored in experiments with higher-m/z ions detected, such
as in proteomics. In theory, an ion postexcitation radius is
independent of them/z78,104

whereVp-p is the peak-to-peak voltage,Texcite is the excitation
period,d is the distance between excite plates, andB is the
magnetic field. However, in experiments, due to a nonideal
spatial distribution of the excite field within an ICR trap,
ions would have some narrow radial distribution that is
broadened by the space charge. Any deviations of the axial
field distribution from the ideal harmonic potential would
then result in an axial oscillation frequency (and the measured
cyclotron frequency) dependence on the ion radial position
and lead to frequency shifts. As a result, ions positioned at
the axial periphery of an ion cloud would be “evaporating”
from the coherent ensemble, creating comet-like structures
that were observed with supercomputer modeling.105 An
increase in the total number of trapped ions would result in
further elongation of an ion cloud along the trap axis and
pushing of the ion cloud into the trap regions with inharmonic
field distribution, thus further exacerbating frequency shifts.

Another source of frequency shifts results from the
interaction of ion clouds in the ICR trap. Using a simplified
model of two Coulombically interacting ion clouds, both
positive and negative frequency shifts have been predicted
for the point charge model and then verified by numerical
simulations.106 In particular, the numerical simulations
revealed that a spherical ion cloud with a cyclotron radius
smaller than a second spherical ion cloud experiences a
positive frequency shift from the second ion cloud, contrary
to the negative frequency shifts caused by the total space
charge as described by eq 1. These “local” frequency shifts
have practical implications for FTICR mass calibration at a
MMA of better than 1 ppm.

2.1.1. External Mass Calibration
The theoretical framework of space-charge-induced fre-

quency shifts100 has been used to develop an expression that
relates observed frequencies,ωobs, to m/z:107

The last term represents the space-charge component of the
mass shift, whereF is the ion cloud density andGi is the
ion cloud geometry. Sub-ppm mass accuracy was demon-
strated using this relationship for low-m/z ions by correlating
the shift between the internal reference mass and the
measured mass.107 Parametrization of the mass-frequency
relationship yielded an equation which is widespread for
FTICR mass calibration:84,108

where a and b are the parameters determined in the
experiment. The second-order frequency term accounts for
the shifts that arise from applied and induced electric fields.
Although the space-charge term is included, variations in
ion populations severely degrade the ability of this equation
to predict frequencies for externally calibrated reference
masses, asb is a function of the density of the ions used to
calibrate the mass spectrum.

In 4.7-T FTICR experiments with matrix-assisted laser
desorption/ionization of high-molecular-weight polymers
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with a wide mass distribution, mass errors of 100 ppm or
more were reported for externally calibrated mass spectra
when ion intensities were not taken into account. By
matching the total ion intensities of calibrant and analyte
mass spectra, the protonated ion of the insulin B-chain
(3494.6513 Da) was measured with high accuracy (average
of 10 measurements,σ ) 2.3 ppm, average absolute error
1.6 ppm) using a polymer sample as an external calibrant.109

A calibration equation with a higher-order correction term
was proposed,

with a caveat that the calibration constantsA, B, andC would
be accurate only for the mass spectra that have the same
total intensity as that of the calibrant mass spectrum from
which the constants were derived. Given a mass spectrum
with arbitrary ion intensities, linear interpolation of the
frequencies that would have been measured if the total ion
intensities were the same resulted in an ion-number-corrected
calibration equation, where the experimental frequency,f,
in eq 8 was replaced by the estimated frequency,festimated:

Following this correction, a mass accuracy of 2.0 ppm
(average of 20 measurements,σ ) 4.2 ppm, average absolute
error of 3.5 ppm) was achieved. It is important to note that
the highest linearity in frequency versus intensity for
MALDI-generated ions was obtained by using suspended
trapping110 with collisional damping and quadrupolar excita-
tion (QE).111-114 Figure 1 shows the linearity of the detected
cyclotron frequency with the number of ions in the ICR trap
under different conditions. Given a time scale of 2-3 s for
QE signals in the presence of nitrogen gas at a peak pressure
of 10-5 followed by a few second pump-down prior to
detection, such a system would be impractical for a typical

proteomic experiment with a capillary LC system, as one
acquisition scan would be comparable or greater than the
LC elution peak width.

An alternative approach, deconvolution of Coulombic
affected linearity (DeCAL),115 was developed to account for
the mass differences for different charge states of the same
molecular species generated by ESI. Space-charge-induced
frequency shifts were compensated by correcting the cyclo-
tron frequencies to minimize the errors in the deconvoluted
spectrum of the multiple charge states of a peptide. For
positively charged ions, the molecular weight (M) and
cyclotron frequency (f) were governed by the equation

where B is the magnetic field;k is the proportionality
constant; andn andMc are the number of charges and the
mass of the charge carrier, respectively. This procedure
improved the average mass error of peptides that resulted
from tryptic digestion of bovine serum albumin to 3.6 ppm
from 113.9 ppm. Some of the limitations of this method
pertain to the need for detecting multiple charge states of a
peptide in the same spectrum, which may not be the case in
a proteomic experiment, as well as to the assumption that
the frequency shift (∆f) is constant over them/z range.

All of the aforementioned corrections tend to account for
the total space charge accumulated in the ICR trap. Fre-
quency shifts caused by ion cloud interaction in the ICR trap
(i.e., “local” effects) were proposed to be corrected for as
follows:106

whereω+ is the measured cyclotron frequency andc1, c2,
and δωc are calibration constants, with the latter being
dependent on the cyclotron radius. Importantly, at a fixed
cyclotron radius, the mass calibration determined by eq 11
converges to that of eq 7. Only at varying cyclotron radii
does the difference between the uniformly charged ellipsoid
model98 and the model of two interacting ion clouds106

become significant.
In accord with earlier predictions,106 lower- and higher-

abundance species detected in the same spectrum were
experimentally found to experience different frequency shifts,
such that more intense peaks had positive frequency shifts,
while less intense peaks revealed negative frequency shifts.116

This observed phenomenon correlated with the concept that
the space charge associated with an ion cloud consisting of
particles of the samem/zcannot influence the center-of-mass
motion of the cloud.117 Invoking “local” frequency shifts
resulted in a decrease in the mass measurement error by a
factor of 3, though not fully compensating the systematic
frequency shifts over the entirem/z range.

2.1.2. Internal Mass Calibration
Conventional internal calibration procedures imply that,

when measured in the same spectrum, internal standards and
analytes experience similar frequency shifts (only total space
charge is considered) and the space-charge-induced term can
be canceled out. Internal calibrants are introduced into an
ESI-FTICR mass spectrometer as either (1) calibrants that
coelute with analytes in a sample solution delivered to a
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Figure 1. Observed frequency as a function of ion intensity for
substance P measured over 109 laser shots on a 4.7-T FTICR
instrument. (a) Ions captured with gated trapping (R2 ) 0.73). (b)
Ions captured with gated trapping and collisional cooling with a
pulsed buffer gas show improved linearity due to damping of the
trapping motion (R2 ) 0.9). (c) Addition of quadrupolar excitation
to the experimental sequence creates uniform pre-excitation condi-
tions and provides the highest linearity in frequency versus intensity
for MALDI-generated ions (R2 ) 0.99). (Reprinted with permission
from ref 109. Copyright 1999 American Chemical Society.)
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single ESI emitter or (2) calibrants and analytes that are
spatially separated in a dual ESI source.118,119 An internal
calibrant-free calibration method with a single ESI source
by using fragment ion information (e.g., fixed mass differ-
ence between two neighboring peptide fragment ions) has
also been reported.120 Although incorporation of analytes and
internal standards simultaneously in the same solution has
previously been accomplished successfully,121,122 caution
should be taken with respect to the hydrophobic properties
of the internal standards to avoid analyte suppression in the
ESI plume.

Internal calibration with a single ESI emitter initially was
aimed at improving FTICR mass accuracy for the study of
large biomolecules.123,124 Internal calibration with MALDI
represents a greater challenge for accurate mass measure-
ments due to the broader (than ESI)m/z range and prefer-
ential ionization of lower charge states.125,126The distribution
of errors for tryptic peptides digested from bovine serum
albumin was studied using both nanoLC-microESI and
MALDI sources.127 Figure 2 shows the distribution of mass
errors obtained using external and internal calibration modes
for both MALDI and ESI experiments. The standard devia-
tion for the distribution of errors in the nanoLC-microESI
experiments was found to be∼1.2 ppm for both internal
and external calibration, while the results from MALDI data

revealed standard deviations of∼3 ppm. Though internal
calibration corrected the distribution means to 0 ppm, the
broader error distribution observed in MALDI experiments
could not be improved with internal standards.127

A dual ESI source coupled with FTICR has been dem-
onstrated to internally calibrate precursor and fragment ions
of oligonucleotides.118,128An improved ESI assembly allowed
the ion population to be controlled by altering the hexapole
accumulation time for the internal calibrants and analyte. The
switching time between two emitters was<50 ms, and a
mass accuracy of 1.08 ppm was achieved in direct infusion
experiments with bradykinin.129 An alternative method of
introducing the sample from the dual ESI emitter source was
reported in capillary LC-FTICR (3.5 T) experiments that
employed automated gain control (AGC).130 Both analyte and
calibrant were concurrently infused into a dual-channel
electrodynamic ion funnel131 so that the calibrant injection
time was independently controlled by gating an “ion dis-
ruptor” plate in the ion funnel. In conjunction with external
calibration, the capillary LC-ESI-AGC-FTICR provided a
∼10-fold increase in the number of tryptic peptides identified
from a bovine serum albumin sample as compared to the
number obtained with fixed ion accumulation and external
calibration methods.131 The standard deviation of the mass
measurement errors for the internally calibrated tryptic
peptides decreased on average by a factor of 2 compared to
that of the same peptides identified with external calibration.

In contrast to a direct infusion experiment where ion
populations can be controlled reasonably well, the number
of ions generated in an LC-MS experiment varies drastically
over the entire course of the LC separation. FTICR can
provide extremely high mass precision and MMA, which is
best for trapping nearly constant, relatively small, and well-
controlled ion populations in an ICR trap.97,125However, the
protein concentrations of interest in proteomics studies can
vary by more than 10 000-fold6 and produce an even larger
variation in relative ion abundances at the peptide level, thus
exceeding the FTICR dynamic range of measurement. As a
result, the use of capillary LC for separating complex
proteolytic digests in conjunction with FTICR poses a major
challenge with regard to obtaining accurate mass measure-
ments. A standard means of improving mass accuracy in
analysis of a system with a broad dynamic range is to (1)
increase the magnetic field for FTICR,83,132,133 (2) data-
dependently maintain ion populations in the ICR trap at levels
lower than the threshold at which the nonlinear frequency
shifts occur131,134,135(e.g., by employing AGC in the external
trap), and (3) apply internal calibration.131,136Figure 3 shows
the distribution of the error values for an ESI-FTICR (11.5
T) mass spectrum of a complex polypeptide mixture that
resulted from tryptic digestion of bovine serum albumin. The
improved cyclotron frequency stability and reduced fre-
quency shifts at the higher magnetic field enabled signal
averaging without degrading MMA.137

A variation of internal calibration based on a multidimen-
sional recalibration approach that utilizes existing information
on the likely composition of a mixture has been recently
reported.138 This method takes into account the variable
conditions of mass measurements and corrects the mass
calibration for sets of individual peaks binned, for example,
by the total ion count for the mass spectrum, individual peak
abundance,m/z value, and the LC separation time. The
multidimensional recalibration approach statistically matches
measured masses, to a significant number of putative known

Figure 2. Distributions of mass errors with applied Gaussian
functions for internally and externally calibrated data for (a) MALDI
measurements and (b) NanoLC-microESI measurements on a 7-T
FTICR instrument. Mass errors were calculated from all spectra
obtained with (a) 1.5-50 fmol of analyte and (b) 1-50 fmol of
analyte. (Reprinted with permission from ref 127. Copyright 2003
Elsevier.)
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species that are likely to be present in the mixture (i.e., having
known accurate masses), to identify a subset of the detected
species that then serve as effective calibrants. Figure 4 shows

a mass accuracy histogram obtained using LC-ESI-FTICR
(11 T) for analysis of aNeurospora crossafungus sample.
Note the systematic mass error is corrected from 5 to 0 ppm
and the mass error spread is improved from 3.9 to 0.8 ppm.
This recalibration can provide sub-ppm mass measurement
accuracy for analysis of complex proteome tryptic digests
and improved confidence in peptide identifications.138

Further improvements in FTICR mass accuracy could be
achieved by combining the linearized excitation field139,140

with the harmonic trapping field.141 Trapping, excitation, and

detection of carefully controlled ion populations in such a
trap would be less dependent on space-charge and could
potentially increase the mass accuracy of proteomic mea-
surements with a capillary LC-FTICR instrument to routine
sub-ppm levels.

2.2. Orbitrap Mass Spectrometry
The principles of ion trapping in electrostatic fields were

described by Kingdon in 1923.142 Orbital trapping was
experimentally studied using an elaborate electrode shape
(i.e., “ideal Kingdon trap”) and ion spectroscopy.143 The
concept of ion trapping in a 3D electrostatic field was
elegantly revised in a new type of analyzer that used ion
axial oscillation and image current detection for high-
performance mass analysis.76,144 The electrostatic potential
distribution within such a device is governed by145

wherer andz are the cylindrical coordinates,k is the field
curvature,C is a constant, andRm is the characteristic radius.

Given polar coordinate (r,æ,z) treatment of eq 12, ion
motion in the polar plane (r,æ) is decoupled from the ion
trajectory along thez-axis. The latter parameter represents
oscillatory motion with the characteristic frequency:

wherem/q is the mass-to-charge ratio of the ion. Ion motion
in the polar plane (r,æ) is described by the radial oscillation
and rotation frequencies:76

Only the axial oscillation frequency,ωz, is completely inde-
pendent of the energy and position of the ions, thus pro-
moting the “ideal Kingdon trap” to an orbitrap mass
spectrometer.

Similar to FTICR, the orbitrap acquisition system is based
on image current detection followed by fast Fourier trans-
form. Since an ion cloud in the orbitrap tends to maintain
coherence throughout the transient along the extendedz-axis,
the instrument has been claimed to have greater trapping
volume and be less susceptible to the space-charge-induced
frequency shifts than FTICR.76 When the orbitrap was
coupled to an ESI source, a mass resolving power of 150 000
(full width half maximum) and mass errors of<4 ppm were
demonstrated in direct infusion experiments with a mixture
of polymers and peptides.146 When incorporated with a linear
ion trap (LTQ)147 and interfaced via a C-trap (an RF-only
quadrupole shaped in the form of the letter “C” that
accumulates and stores ions),148 the orbitrap has been used
in capillary LC experiments to characterize complex Lys-C
digests of parotid saliva.149 Orthogonal ion injection from
the C-trap into the orbitrap constituted a significant advance
over the axial injection method,146 and mass resolving

Figure 3. Distribution of error values observed between+10 and
-10 ppm for the data of a complex polypeptide mixture resulting
from tryptic digestion of bovine serum albumin. The dotted line
represents the interpolation curve for the experimental error
distribution, while the solid line shows the best fit for the
experimental data with a Gaussian distribution. The large majority
of error values fall near zero, and the distribution of error values
closely resembles that of a normal error distribution with a standard
deviation of 1 ppm. (Reprinted with permission from ref 137.
Copyright 1999 American Chemical Society.)

Figure 4. Mass accuracy histograms obtained for aNeurospora
crassafungus sample using an 11-T LC-FTICR MS. Results for
instrument calibration (gray) and after recalibration (black). The
number of calibration regions for TIC,m/z, and peak intensity is
10 × 2 × 10 ) 200. The systematic mass measurement error (i.e.,
histogram maximum position) is corrected from 5 to 0 ppm, and
the mass error spread is improved from 3.9 to 0.8 ppm. The histo-
gram maximum is increased>3 times, signifying a corresponding
improvement in the certainty of identifications. (Reprinted with
permission from ref 138. Copyright 2006 American Chemical
Society.)
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power in excess of 40 000 and mass accuracies of<2 ppm
were reported.149 In another recent experiment, the mass
accuracy of a hybrid LTQ/orbitrap (LTQ-Orbitrap, Thermo
Electron) in both MS and tandem MS modes was evaluated.
Background ions that originated from ambient air were first
transferred to the C-trap, and then analyte ions along with
internal standards were injected into the orbitrap for further
analysis and internal calibration. Both precursor ions and
fragments were identified with an average absolute deviation
of 0.48 ppm and maximum deviations of<2 ppm.150 Com-
plete characterization of the orbitrap mass accuracy as a func-
tion of the number of trapped ions has recently been per-
formed at the manufacturer’s site (Thermo Electron, Bremen,
Germany). Figure 5 shows the distribution of mass errors

for the analytes covering anm/z range of∼1500 as a function
of the AGC target value. Given a dynamic range of∼5000,
mass accuracies of better than 5 and 2 ppm were reported
for external and internal calibrations, respectively.151,152

Since the release of the first commercial instrument (LTQ-
Orbitrap) in 2005, orbitrap technology has increasingly been
gaining ground in proteomics research. High mass accuracy
(<2 ppm), high resolving power (>40 000), high sensitivity
(<5 nM), increased dynamic range (∼5000), impressive
reliability, and low maintenance cost have made this instru-
ment an attractive platform for a number of biological
applications.

2.3. TOF Mass Spectrometry

The concept of separating ions with differentm/z values
via TOF was originally proposed in 1948,153 but the first
TOF mass spectrometers of any practical interest were not
developed until the early 1950s.154 The main characteristics
of a TOF mass spectrometer include (1) unsurpassed analysis
speed; (2) the ability to detect a complete mass spectrum in
a single acquisition; (3) in principle, no upper limit for ion
detection (in practice, limited only by detector efficiency for
high mass ions), and (4) high sensitivity. In their seminal
publication, Wiley and McLaren154 described ion spatial and
energy spreads as the main factors that affect TOF MS
resolution, and they proposed time-lag energy focusing to
narrow down an ion’s energy distribution. These ideas
continue to be exploited, as evidenced by the related
development of delayed extraction (DE)155-158 MALDI-TOF
analysis. The effects of the initial energy (or velocity)
distribution on TOF mass resolution were significantly
reduced with the introduction of an ion mirror.159 Using a
two-stage ion mirror, second-order time focusing was
achieved with a mass resolving power up to 35 000,160

although this enhancement in mass resolving power could
only be obtained in a narrow range of the mass spectrum.
Development of new pulsed laser ion sources (e.g., MALDI)
combined with reflectron TOF (RETOF) MS renewed the
interest in TOF technology in a number of applications.161

Another important development involved orthogonal ac-
celeration (oa) of ions into the TOF MS (oaTOF)74,75 that
enabled the coupling of a continuous ion source (e.g., ESI)
to inherently pulsed TOF analyzers.163-165 In oaTOF MS,
an ion cloud is extracted to the TOF drift tube in a direction
orthogonal to its initial trajectory so that only the ion velocity
distribution in the plane perpendicular to the source axis
contributes to the initial velocity spread. This initial velocity
distribution along the TOF axis (and orthogonal to the source
axis) translates to an ion cloud temporal spread (i.e.,
turnaround time154) in the reflectron object plane and cannot
be compensated by the ion mirror. The ion turnaround time,
∆t, is a major contributor to the overall peak width in oaTOF
and is typically reduced to a few nanoseconds by increasing
the extraction field and introducing efficient collisional
damping prior to ion introduction into the oaTOF extractor.

whereU0 is the initial translational energy,m/q is the mass-
to-charge ratio of the ion, andE is the electric field in the
ion extractor. Given a proper instrument design, oaTOF MS
is capable of achieving a mass resolving power of∼15 000-
20 000 in a single pass,166,167and>50 000 in multiple-pass
instrument.168

As TOF MS has been the sole subject of a monograph169

and several review articles,170,171the reader is referred to these
publications for additional information. The discussions
below primarily focuse on obtaining accurate mass measure-
ments with TOF MS as applied to proteomics.

2.3.1. MALDI-TOF

In idealized TOF MS, an ion with zero initial velocity has
a time-of-flight proportional to the square root of its
mass.172,173

Figure 5. Mass errors plotted for differentm/zvalues as a function
of AGC target valueN with the mass peak of the MRFA peptide
(m/z ) 524.2649) used as an internal calibrant atR ) 30000: (a)
m/z ) 195.0876, (b)m/z ) 1421.9778, and (c)m/z ) 1721.9587.
(Reprinted with permission from ref 152. Copyright 2006 American
Chemical Society.)
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whereA andB are the instrumental constants. By using eq
17 for internal calibration, mass measurement accuracies of
5-70 ppm with average values of 30-50 ppm were reported
in “time-lag focusing” (i.e., delayed extraction) MALDIs
linear TOF MS experiments with a mixture of peptides.156

In the following study by the same group, a MMA of 80
ppm or better was demonstrated in DE-MALDI TOF analysis
of poly(ethylene glycol) (repeat unit mass of 44) of mass up
to 25 000 units and poly(styrene) (repeat unit mass of 104)
of mass up to 55 000 units.174 Systematic evaluation of the
mass accuracy of DE MALDI was conducted with a
PerSeptive Biosystems Voyager Elite XL, RETOF MS.175

The utility of the calibration equation (eq 17) was verified
under different experimental conditions, including flight time
variations from a single spot (<8 ppm) and different sample
spots (<10 ppm), different delay times between the laser
pulse and the extraction pulse (<4 ppm), and different pulsed
acceleration voltages (<8 ppm). Figure 6 shows the distribu-

tion of mass errors of several peptides obtained from a single
sample spot (A) and six different sample spots (B). Note
that, in TOF MS, time-of-flight variations can translate to
2-fold greater mass errors. Interpolation of the calibration
function obtained with internal standards yielded more
accurate results than extrapolation to a higherm/z range. This
discrepancy was related to mass-dependent kinetic energies
(i.e., the initial velocity distribution) and an energy deficit
that arose from ion collisions with neutrals in the sample
plume above the surface.175 This finding was consistent with

an earlier report that a broad distribution of initial velocities
for ions produced by low-pressure MALDI imposes a major
limitation on the achievable mass accuracy.176

To reduce the velocity distribution effect and couple the
MALDI source to an oaTOF MS, orthogonal and on-axis
injection of MALDI ions at an elevated pressure of 70 mTorr
were developed.177 Collisional cooling of MALDI ions in
an RF quadrupole ion guide produced a parallel ion beam
of small cross section and reduced the energy spread. Using
eq 21 with substance P and melittin, a mass accuracy of 30
ppm or better was achieved for ions up to a mass of at least
6000 Da. The advantages of a higher-pressure MALDI
source178-180 included mass-independent calibration and the
nearly complete decoupling of ion production from the mass
measurement, features that affect the reproducibility and mass
accuracy of a high-vacuum MALDI source. Higher-pressure
MALDI-oaTOF was further evaluated in both MS and
tandem MS modes, and a mass accuracy in the range of 10
ppm was obtained for both the precursor and fragment
ions.181 In addition to peak centroiding and long-term voltage
fluctuations caused by temperature drift, accurate mass
measurements of low-intensity signals in MS/MS experi-
ments were observed to be determined by counting statistics,
so that the statistical error would beσ/xN, whereσ is the
peak width andN is the number of ion counts. Given a mass
resolving power of 10 000 for the parent ion, which corre-
sponds to a peak width of 100 ppm [full width at half-
maximum (fwhm)], 16 ion counts would result in a statistical
error of∼10 ppm.181 With improved implementation of the
MALDI source interface to the TOF section via a collisional
focusing ion guide, the instrument provided a uniform mass
resolving power of 18 000 and a mass accuracy of 2 ppm in
a single-point internal calibration of protein digest samples.182

2.3.2. ESI-TOF

The coupling of ESI to oaTOF MS163-165 sparked a great
deal of interest in TOF MS as a fast, accurate, high-
resolution, and sensitive approach for peptide identification.
CE/ESI high-accuracy TOF MS was employed to character-
ize small proteins, using peptide mapping. A reference
solution containingL-methionyl-arginyl-phenylalanyl-alanine
acetate (MRFA) and Ultramark 1621 was added to a mixture
of proteins. Peaks for the ion electrophorogram of the tryptic
peptide fragments and those for the two reference compounds
(observed in mass spectra other than that of the fragment
peaks) were averaged to obtain a single spectrum. In most
cases, the error between the calculated and measured masses
was<10 ppm. The measured masses of the protonated pep-
tide fragments were then used to search against the EMBL
database. The importance of mass accuracy in reducing the
number of possible matches provided by the database
appeared to be more pronounced when the number of
peptides required for matching was only a few. For example,
given four peptides selected for the match, an improvement
from 15 to 10 ppm in mass accuracy resulted in a decrease
in the number of matched proteins from 20 to 4.183

Although internal calibration has been shown to improve
MMA, 122,184 the mixing of analyte with internal standards
often results in analyte suppression, discrimination, and/or
adduct formation. To avoid interactions between the analyte
and reference standards, a dual-ESI sprayer coupled to a dual-
nozzle in conjunction with oaTOF MS was designed and
applied to obtain accurate mass measurements.185 Observa-
tions indicated that the closer the bracketing reference peaks

xm
z
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Figure 6. (A) A plot of the variation in the flight time (expressed
as parts per million) of analyte ions taken from a single sample
spot. (B) A plot of the variation in the flight time (expressed as
ppm) of analyte ions taken from six different sample spots. (Adapted
with permission from ref 175. Copyright 1996 Elsevier.)
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were to the unknown, the lower the measured mass error.
The standard deviation in mass error for seven samples in
the mass range of 400-1000 Da was 3.3 ppm for the closet
pair of bracketing peaks and 7.0 ppm for the second closest
set of bracketing peaks. By comparing different methods for
introducing calibrant into the mass spectrometer, the smallest
errors resulted from the dual-ESI-sprayer dual nozzle (∼3.5
ppm), followed by the methods in which the reference
compound and sample were mixed either before or during
the ionization process (∼5 ppm). The highest errors were
reported for sequential infusion of the internal calibrants and
the analytes (∼8 ppm).185

A number of other methods have been reported for
obtaining accurate mass measurements. Two separate ESI
sources for introducing the sample and a reference standard
in the course of an LC separation were used for accurate
detection of pharmaceutical compounds.186 A method for
diverting either the sample or the reference compound from
the MS was reported as a multiplexed electrospray source.187

With this method, a lock mass correction with leucine
enkephalin yielded a mass accuracy of<3 ppm, and a mass
accuracy of∼10 ppm could be achieved even at the edge of
the detection limit [signal-to-noise ratio (S/N) of 6:1].186

Another method reported using a dual-ESI-sprayer system
to identify proteins by means of peptide mapping.188 The
tryptic digests of myoglobin (horse) were measured with a
high-performance LC (HPLC)/dual-ESI-oaTOF MS instru-
ment, with mass deviations that ranged from 0.01 to 7.67
ppm and∼75% mass deviations below 5 ppm.

The precision of a mass measurement with TOF MS
depends mainly on ion statistics and is governed by189

whereλm is the expression of the statistical error (e.g., the
95% confidence limit in ppm),C is an instrument constant,
R is the resolving power, andN is the number of ions
sampled in the measurement.

Precision is usually estimated indirectly, most often by
incorrectly presuming that the error for all measurements is
equal to the precision or the mean error for a set of reference
masses. Based on eq 18, this is clearly not valid, as the
precision of a particular mass measurement depends on the
number of ions sampled and is likely to vary for every
measurement. Mass measurement precision was established
directly by making multiple measurements of the masses of
interest and performing a statistical analysis of the data.190

In an LC-TOF MS analysis of two pharmaceutical com-
pounds using reserpine as a lock mass, the functional
relationship between the precision and the number of sampled
ions was well approximated by the linear fit (R2 ) 0.9396,
intercept 0 ppm, slope 180.6 ppm). The error in the mass
measurement was observed to increase significantly when
the intensities for the analyte and the lock mass were
significantly different. Increasing the signal rates improved
the ion statistics and the precision, but resulted in a significant
decrease in the accuracy of the mass measurement (up to 15
ppm).190 A similar mass accuracy dependence on the inten-
sity ratio of the target compound and the internal standard
was recently reported for an LC-TOF MS analysis of
13C3-caffeine191 and a fully automated study with∼550
pharmaceutical compounds.192

Since an ESI interface to an oaTOF instrument provides
efficient collisional focusing and minimizes the radial ion

velocity distribution, calibration of eq 18 or its linear
inversion is typically employed for correcting deviations of
the experimentally measured masses from the calculated
masses. To minimize the contribution of higher-order
nonlinear effects, a mathematical procedure using multivari-
ate fitting methods was developed193 that involved a rigorous
calibration model to eliminate the need for internal standards
in a high-mass-measurement-accuracy LC-MS experiment.
Two data processing methods were presented that corrected
for systematic deviations: a peak fitting method using double
Gaussian functions and a calibration method that takes into
account the slight nonlinear response of the TOF analyzer.
The model equation for the custom calibration technique is
governed by

wherea-e are the fit parameters,m/zext is the externally
calibratedm/z value, timeret is the retention time, andm/zcal

is the calibratedm/z. The second and third terms in eq 19
account for a buffer change throughout LC separation and
the associated space charge effects in the TOF MS extraction
region due to more efficient buffer ionization at the end of
LC separation. The systematic changes in MMA were
observed over a time span of 1 h. A calibration solution that
contained a mixture of several peptides was infused into the
instrument before and after the LC separation, and three
target peptides (e.g., from a tryptic digest ofD. radiodurans)
were also used to provide data points at intermediate retention
times. The double Gaussian-multivariate method improved
mass accuracy to 8 ppm (for serum albumin tryptic peptides)
compared to 29 ppm, which was obtained using linear
calibration and normal peak centroiding.193

Improvements in sensitivity (e.g., by using a microfabri-
cated multiemitter ESI array) and mass resolving power (e.g.,
in a multipass reflectron) will further increase the mass
measurement precision of oaTOF instrumentation. In addi-
tion, the use of analog-to-digital converter (ADC) based
acquisition systems will reduce the dependence of the ion
arrival time at the TOF detector on the ion abundance and
further improve MMA in an analysis of a system with a
broad dynamic range (e.g., the human proteome). Given the
unsurpassed speed of analysis and the increasing need for
high-throughput platforms for a number of clinical applica-
tions, TOF MS will continue to be an important asset at the
forefront of proteomics research.

3. Accurate Mass Measurements in Proteomics
As a result of the continued technological advances in

proteomics, various aspects of proteins, including structure,
PTMs, relative abundance, localizations, and interactions with
other molecules, can now be studied in unprecedented detail.
We now focus the discussion on different proteomics
approaches for peptide and protein identification, character-
ization, and quantitation and how accurate mass measure-
ments enhance such analyses.

3.1. Peptide Mass Fingerprinting
Generally speaking, protein identification using a bottom-

up approach is based on two processes: (1) generation of
sequence information from proteins or peptide fragments
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thereof and (2) inference of protein sequences (i.e., identi-
fication) by using such information. Until recently, protein
sequencing was achieved byde noVo sequencing using
Edman chemistry, which is generally slow and low-
throughput. Additionally, Edman-type sequencing typically
requires the protein to be purified to near homogeneity, and
a relatively large amount of protein is needed for a complete
protein sequence. As a result of developments in MS
technology and the increasing availability of annotated
genomes for organisms, the information extracted from a
protein or peptide by MS can now be correlated to a sequence
database for identification in a fast, sensitive, and high-
throughput fashion.

The most straightforward approach for identifying proteins
using MS is PMF. Conceptually, the principle of PMF is
quite simple: a group of peptides is produced from a pro-
tein by site-specific proteolysis (e.g., tryptic digestion) and
their masses are accurately measured by MS to serve as
unique mass fingerprints for the protein. The observed
peptide mass fingerprints are subsequently compared to
“virtual” fingerprints generated byin silico digestion of
protein sequences stored in a database by a computer
algorithm (e.g., MASCOT) that applies the same proteolytic
specificity; the top-scoring protein is considered to be the
identified protein. Among the drawbacks of this approach
is that proteins that can be identified using PMF are limited
to those whose sequences are at least largely known. The
expressed sequence tag (EST)194 databases are not suited for
this purpose, because ESTs represent only a portion of a
gene’s coding sequence, which may not be long enough to
cover sufficient numbers of observed peptides to allow
unambiguous protein identification. Another obvious draw-
back with PMF is that it tends to result in ambiguous protein
identifications for digests of unseparated protein mixtures
in which different proteins give rise to peptides of similar
mass. When working with such samples or with purified
protein samples that originate from unknown species or
species of which only limited genomic sequence information
is available, sequence information is needed in addition to
peptide mass information for unambiguous protein identifica-
tion. Such information can be obtained by using MS/MS,
which is discussed in section 3.2 below. The most common
method of choice for protein identification with PMF has
been the combination of 2-DE and MALDI-TOF, and many
early proteomics projects relied on this method.195-200

The presence of unassigned masses in a typical PMF
experiment detracts from the significance of probability based
scores (e.g., the Mowse scores if using MASCOT), which
may make the database searching outcomes indecisive. On
one hand, data processing strategies that have been continu-
ously developed to make better use of the information in
PMF data sets and refine the peak list provide increased
confidence in database searching.54,201-206 Removing of the
extraneous masses from the spectra, on the other hand, would
allow enhanced database searching specificity to be achieved.
Known contaminant masses (e.g., human keratin peptides
and trypsin autolysis peptides) can be easily excluded from
the PMF peak list using postprocessing tools. However, it
is only recently that a strategy has been reported for removing
the nonpeptide signals in the PMF peak lists based solely
on the accurately determined monoisotopic masses,207 since
the monoisotopic mass of a peptide must fall within a
predictable range of residual values.53 As an example, a
maximum error of approximately 15 ppm is required to avoid

inappropriate rejection of a peptide with a nominal mass of
2001 Da, while sufficient resolution is also demanded to
allow clear selection of the monoisotopic mass. Application
of this strategy provided exponential improvements in the
statistical significance and discrimination of PMF protein
match results. Importantly, this scheme for removal of
nonpeptide masses does not affect the post-translationally
or artificially modified peptides.

In a sequence database, an increase in MMA results in
decreased numbers of isobaric peptides for any given mass;
this behavior is even more significant as the mass increases.
As a result, peptide MMA is the most critical factor for
protein identification using PMF.35,52,208,209At high MMA,
a significant fraction of peptides that have the same nominal
mass but different elemental and amino acid compositions
can be removed, which will increase not only the speed but
also the specificity of database searching. A TOF mass
analyzer can potentially achieve a mass accuracy of 5 ppm
by using internal calibration. However, the mass resolving
power and mass accuracy of a linear MALDI-TOF instru-
ment are constrained by a broad initial kinetic energy
distribution176 and mass-independent initial velocities210,211

of MALDI-generated ions, which results in mass spectra with
unresolved isotopic distributions. The use of higher-resolution
and higher-mass-accuracy instrumentation (see section 2)
significantly increases the confidence in peptide identifica-
tion. Utilization of alternative data acquisition methods may
further enhance protein identification in PMF. For instance,
a simple procedure in which two sets of data are combined
by using tuning conditions that favor low-mass (m/z< 2000)
and high-mass (m/z > 2000) ions improves protein identi-
fication by 70% compared with the analysis of the same
sample using a wide mass range acquisition on an HPLC-
MALDI-FTICR instrument.212 The importance of higher
MMA is emphasized by the fact that although high accuracy
significantly decreases the number of random matches to a
database, some random matches can still be found, even at
a mass accuracy of 6 mDa.213 Moreover, peptides that differ
in composition by one (or two or three) amino acids have a
surprisingly high percentage of isomers: 10% (or 14% or
38%, respectively), excluding isomers that differ by leucine/
isoleucine and assuming the 20 common amino acids have
equal relative abundance.69 Thus, it is still desirable to incor-
porate additional physical and/or chemical information (e.g.,
Mr, pI, hydrophobicity, proteolytic cleavage site) to achieve
highly confident and unambiguous protein identification.

Adding other discriminating constraints can also increase
the specificity of database searching. Site-specific chemical
modification has been a common method for deducing the
presence of specific amino acids in the peptide analyzed.
For example, various mass shifts can be produced by
alkylating a protein using different alkylation reagents. The
cysteine content information is readily obtained by reacting
sulfhydryl groups with a 1:1 mixture of unlabeled and stable
isotope-labeled alkylation reagents, which can then be used
to improve the protein identification process.214 Moreover,
mass defect labeling of cysteine by using a chlorine-
incorporated alkylation reagent215 or a novel reagent such
as 2,4-dibromo-(2′-iodo) acetanilide216 has been effective for
improving identification by accurate mass measurement of
labeled peptides. The natural isotopic distribution of chlorine
or bromine encodes the cysteine-containing peptide with a
distinctive isotopic pattern that allows for automatic screening
of mass spectra (Figure 7).
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3.2. LC-MS/MS Analysis of Peptide Mixtures
The use of MS/MS to generate sequence-specific spectra

for peptides has been a popular approach for large-scale
protein identification via automated sequence database
searching.46,49,217 The sequence-specific and information-
rich fragment ion spectra generated in LC-MS/MS experi-
ments can also be used forde noVo peptide sequencing.
Use of the partial amino acid sequence generated from
Edman degradation has been a traditional approach to
generate probes for isolating the gene coding for the protein
from a gene library. Similarly, from an MS point of view,
the amino acid sequence of even a relatively small peptide
could potentially lead to unambiguous identification of a
protein.

In the following sections, we discuss the importance of
high MMA in large scale peptide identification,de noVo
peptide sequencing, and peptide PTM characterization using
LC-MS/MS.

3.2.1. Increased Confidence in Peptide Identification

In general, a fragment ion spectrum is produced in three
consecutive steps: (1) selection and isolation of the parent
ion, (2) fragmentation of the parent ion, and (3) recording
the fragment ion spectrum. Fragment ions can be generated
through low-energy CID in a collision cell of tandem mass
spectrometers [e.g., IT, TQ, quadrupole-TOF (Q-TOF)] and
via fragmentation of a high-energy ion using post-source
decay (PSD) in a MALDI mass spectrometer or using the
magnetic sector or TOF/TOF mass spectrometers. The
fragment ion spectra generated from high-energy ions
typically contain ions that result from fragmentation of both
the peptide side chain and the backbone. As a result, the
spectra are complex and often difficult to interpret. In
contrast, the low-energy CID spectra are dominated by N-
and C-terminal fragments of peptide ions at the amide bonds,
calledb ions andy ions,29,30 respectively. These spectra are
of higher quality and more sequence specific.

Potentially, every peptide bond may generate ab or y ion.
Therefore, an ideal peptide MS/MS spectrum would have
two ladder-like ion series that start from the N-terminal and
C-terminal of a peptide, respectively, and have identical ion
intensities. While interpretation could be performed directly
from an MS/MS spectrum, in practice, it is rare to see a
perfect ladder of ions because, in addition to mass and
charge, the optimal collision energy depends on the peptide
sequence and tertiary structure and location of protonated
sites.218-220 As a result, not all peptide bonds have the same
tendency to fragment under specific CID conditions; thus,
while some fragment ions dominate fragmentation spectra,
others are rarely seen. For example, the presence of a
proline221-223 or aspartic acid224-226 residue in a peptide has
been observed to frequently induce internal fragments that
significantly alter the intensity of the fragment ions. Under
typical LC-MS/MS conditions (ESI and low-energy CID),
tryptic digests of proteins yield mostly doubly charged ions
which undergo extensive and readily interpretable fragmenta-
tion; triply charged ions have doubly charged fragment ions
intermixed with singly charged fragment ions, and singly
charged ions typically do not undergo extensive fragmenta-
tion under low-energy collision excitation, confounding
spectrum interpretation.227 However, in a MALDI-IT instru-
ment, singly charged ions can also be efficiently fragmented
by devising an excitation scheme that enables the deposition
of sufficiently large amount of energy.228 All of these aspects
must be taken into account for accurate interpretation of MS/
MS spectra.6,229

A high-quality MS/MS spectrum contains rich (near
completeb andy ion series) and constrained (ideally onlyb
and y ions; no internal fragment ions or multiply charged
fragment ions) sequence information regarding a peptide,
which is often sufficient for unambiguous protein identifica-
tion.17,230 As a result, a complex protein mixture can be
enzymatically digested and analyzed directly by LC-MS/MS
without the need for prior purification of individual proteins.
The strategy of using fully automated LC-MS/MS methods,
such as “data-dependent” MS/MS,231,232which automatically
selects ions for fragmentation based on the signals of a
“preview” full-scan mass spectrum, in conjunction with
algorithms (e.g., SEUQEST, MASCOT) that correlate the
MS/MS spectra with sequences in a database has been
commonly used in many proteomics studies. While modern
tandem mass spectrometers, e.g., an LTQ, can generate a
very large amount of MS/MS spectra for large-scale protein

Figure 7. Calculated isotopic pattern for the peptide MPCT-
EDYLSLILNR from BSA (residues 445-458) (A) without and (B)
with the dibromoacetanilide mass defect label. The MALDI-FTICR
spectrum obtained of a BSA digest is shown in part C. Mass defect
labeled peptides are denoted with a box. The inset shows a mass
scale expansion of the peaks nearm/z1957, identified as the peptide
MPCTEDYLSLILNR, whose predicted isotope pattern is shown
in part B. (Adapted with permission from ref 216. Copyright 2006
American Chemical Society.)
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identification, current database searching algorithms can only
correctly assign peptide sequences to a small portion of the
total MS/MS spectra. This shortcoming in assignments is
mostly due to low spectral quality and/or to the selection of
nonpeptide species for fragmentation, and to a lesser extent
to the presence of modified amino acid residues and/or
permutation in the sequence that cannot be predicted from
the database. (Note, site-specific modifications, if present,
can still be identified by devising an algorithm to anticipate
such modification at specific residues.) Also, due to the
complexity of the proteome, algorithms often fail to distin-
guish between true positive and false positive identifications
(i.e., multiple good matches per MS/MS spectra).

Several recent developments address the need for accurate
MS/MS peptide and protein identifications, including the use
of statistical strategies that estimate FDR58,60 and provide
confidence matrices to the peptide assignments,57 the use of
multiple stage fragmentation,66,67 application of other frag-
mentation techniques in addition to CID,68 and new algo-
rithms that utilize addition information from MS/MS spectra,
e.g., fragment ion intensities.233,234The concept of “peptide
sequence tags” has also been introduced to increase the
specificity of peptide identification from MS/MS data.33 A
partial sequence can often be inferred from a short and easily
identifiable fragment ion series. This partial sequence,
together with the mass information of the fragments to the
left and right side of it, constitutes a peptide sequence tag
that is a highly specific identifier of the peptide and can
therefore be used to search the sequence database for peptide
identification.

High resolution and MMA have been leveraged success-
fully to improve peptide sequence identifications from
MS/MS spectra.149,150Accurately measured mass information
can significantly increase the specificity of database searching
in two ways:35,209(1) on one hand, high MMA for precursor
ions that is typically obtained in an MS prescan effectively
reduces the number of possible candidate parent ion se-
quences that need to be matched against the fragment ion
spectra; (2) on the other hand, high MMA in the MS/MS
spectra reduces random matches of the fragment masses and
hence decreases false positives. However, conventional
tandem mass spectrometers, exemplified by the widely used
3-D IT (LCQ) and linear IT (LTQ) instruments, have limited
mass resolution and MMA for parent ions in typical large-
scale proteome analysis. Both parent ions and fragment ions
can be measured at high MMA on several new MS/MS
instruments, e.g., the Q-TOF,235 hybrid LTQ/FTICR (LTQ-
FT),134 and LTQ-Orbitrap,76,149,150which are being increas-
ingly used in proteomics applications. Note that, in a large
number of experiments where these instruments have been
used, an accurate mass of the precursor ion is collected but
MS/MS is still carried out in regular resolution mode for
speed and sensitivity reasons. Alternatively, a multiplexed
MS/MS approach (i.e., dissociation of several species
simultaneously in a single experiment) using FTICR has been
advised.236,237The high MMA and resolution obtained in such
analyses allow the fragments that arise from several parent
ions to be assigned.

New MS/MS instruments have attracted tremendous at-
tention in proteomics studies and also raised considerable
concerns with regard to data quality and false positive
identifications.238-240 For example, in one of the early large-
scale proteomics applications of Q-TOF, a MMA of better
than 20 ppm for both the precursor and fragment ions was

obtained for analysis of selected stages of the human malaria
parasitePlasmodium falciparum.241 To increase the peptide
sequencing speed, the Q-TOF instrument can be operated
in such a mode that all ions that enter the ion source are
simultaneously fragmentedin situ, and both precursor and
product ions are measured at high mass accuracy in the TOF
mass analyzer using as few as two scans.242 This approach
significantly improves the duty-cycle inefficiency that is
inherent in a typical “data-dependent” MS/MS analysis;
however, the MMA achievable is limited to 5 ppm for the
precursor ions and 10 ppm for the product ions, even with
internal calibrants. Multiplexed peptide fragmentation has
been carried out using an FTICR mass spectrometer and
provides both increased MMA and sensitivity.236 When
coupled to an on-line separation,237 the utility of this approach
has been demonstrated for high-throughput identification of
tryptic peptides from large databases.243 A so-called “patch-
work peptide sequencing” approach that extracts sequence
information from accurate masses recorded in the low-mass
region of MS/MS spectra (m/z 60-400) also appears to be
efficient for protein identification using the Q-TOF data.244

In another study, monitoring ofa1 (that resulted from the
neutral loss of carbon monoxide from theb1 ion) ora1-related
ions in the low-mass region of Q-TOF MS/MS spectra of
peptides labeled by 2MEGA (dimethylation after guanidi-
nation) provides an additional constraint for database search-
ing and reduces false positive peptide identifications.245

Additionally, the unique LTQ-FT and LTQ-Orbitrap hybrid
instruments both have an LTQ and a highly accurate mass
analyzer (FTICR and orbitrap, respectively) that can be
operated either independently or concordantly to achieve high
MS/MS speed and high MMA.150,246

Typically, MS/MS operation targets one specific ion
species for CID. As a result, the fragment ion spectrum will
exclude internal mass reference ions, which precludes
achieving high MMA for unambiguous fragment ion mass
assignments. However, in the LTQ-Orbitrap, ions accumu-
lated in the LTQ can be transferred into a C-trap and
collisionally damped there before being injected into the
orbitrap for highly accurate mass measurement.150 This
feature has enabled a novel way of introducing the “lock
mass” for real time calibration to compensate for drift in
the electric field over time. A predefined number of the
protonated electrospray ion of polycyclodimethylsiloxane
(PCM-6) that is being generated during the electrospray
process is accumulated in the LTQ and transferred to the
C-trap. These ions can then be added to any spectrum for
highly accurate mass measurement. The remaining mass error
can be further improved by averaging mass measurements
over the LC peak weighted by signal intensity. Better than
1 ppm MMA can be achieved using this approach.150 Also,
the MS/MS spectra obtained in the LTQ and orbitrap are
comparable in terms of fragment ion pattern and intensity,
but the MS/MS spectra recorded in the orbitrap (1 ppm MMA
with the lock mass strategy) contain fewer noise ions than
spectra recorded in the LTQ, presumably due to the high
resolution of the orbitrap and its image current detection.
When searching orbitrap MS/MS data with common database
searching algorithms (e.g., MASCOT), the “delta score” that
distinguishes the top hit from the next best matching peptide
sequence has been noted to increase dramatically and at other
times there is no second hit at all,150 which indicates that
the high MMA in the MS/MS spectra had a significant
impact on the specificity of peptide identification. Currently,
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most algorithms cannot make use of the extremely high
MMA in MS/MS spectra for database searching, and thus,
the scores for fragment matches do not increase. Develop-
ments in bioinformatics are starting to address this need; for
example, the PeptideProphet algorithm57 can now incorporate
an accurate precursor mass as additional evidence for
assigning confidence to a peptide identification.

The LTQ-FT and the LTQ-Orbitrap instruments have made
routine accurate mass measurements for shotgun proteomics
practical, and new strategies are emerging. For example,
using the “selected ion monitoring (SIM)” scan240 function
over a narrowm/z range has been demonstrated to improve
the MMA in LTQ-FT analyses. The use of AGC with this
method enables even a small number of ions to be measured
at high resolution (R ) 50 000) and high MMA (<1 ppm);
however, the overall duty cycle is low. To investigate the
benefits and costs of using accurate mass measurements in
typical shotgun proteomics studies, a highly complex peptide
mixture derived from yeast was analyzed on the LTQ-FT
instrument. The FTICR part of the hybrid mass spectrometer
was either not exploited, was used only for survey MS scans,
or was used for acquiring SIM scans, and the numbers of
confident peptide identifications were compared.70 MS/MS
analysis with high MMA was noted to provide slightly more
peptide identifications (∼10%) than analysis with more
typical MMA; however, the excessive pursuit of extremely
high MMA can be at the expense of the MS/MS acquisition
rate, which could substantially decrease the sensitivity and
sequence coverage in a typical data-dependent LC-MS/MS
analysis. Further investigation showed that the benefits of
high MMA were greatest for assigning spectra with low S/N
values (i.e., low-abundance peptides) and for assigning
generally low-quality phosphopeptide spectra (e.g., incom-
plete ion series, significantly altered ion intensity because
of neutral loss), in which peptide identifications can be
doubled.70 Another benefit of using the high-MMA data was
that the database searching time could be reduced by applying
a narrower peptide mass search tolerance. In summary,
combining the high MMA of precursor ions with fragment
ion information obtained on LTQ-FT leads to high confi-
dence (typically<1% FDR) in peptide and protein identi-
fication, as reported recently in a number of studies.240,246-249

3.2.2. De Novo Peptide Sequencing

A MS/MS spectrum automatically searched against a
sequence database does not always lead to confident peptide
identification, even for spectra with very good S/N and many
fragment ions. The presence of splicing variants, protein
isoforms, fusion proteins, or novel PTMs can all result in
poor quality matches. Additionally, studying species with
yet uncharacterized genomes is not possible with current
database searching algorithms. An alternative strategy for
interpreting such data either with or without minimal
assistance from genomic data isde noVo peptide sequencing.
Historically,de noVo sequencing by MS was performed via
Edman degradation without using MS/MS by generating
peptide ladders that differed in length by one amino acid
and by measuring their masses using a MALDI instrument
to “read” the sequence of the peptide based on the mass
differences.250 However, the low throughput and low sensi-
tivity of this type of method limited its broad application in
proteomics. MS/MS based methods are particularly attractive
because a typical LC-MS/MS analysis can now generate tens
of thousands of high-quality MS/MS spectra that could

possibly bede noVo sequenced provided enough informative
b ion andy ion series peaks are present. Since bothb ions
andy ions may be present in a typical MS/MS spectrum, a
key issue inde noVo sequencing is that the sequence cannot
be easily interpreted unless the directionality of the ion series
can be determined. Various approaches, including chemical
derivatization28,251-254 and isotopic labeling,255-260 have been
developed to address this issue. For example, using a high-
resolution Q-TOF instrument, the sequence of a peptide
labeled with16O/18O can be readily discerned due to the high
quality of the MS/MS spectra.255 There has also been active
development of new bioinformatics tools forde noVo
sequencing of high-throughput proteome-wide LC-MS/MS
data.261-268

De noVo interpretation of MS/MS spectra derived from a
typical highly complex tryptic digest proteomics sample is
desirable. For marginal quality spectra (i.e., noisy data with
only a handful of fragment ions present), the MMA of both
the precursor ion and fragment ions is critical to the
confidence of peptide sequence assignment; when the ion
series are not complete, the interpretation draws heavily on
the internal fragment ions in the spectrum, which is generally
performed in manual spectrum confirmation and not included
in a standard database search. Although the 20 common
amino acid residues have distinctive elemental composition
and masses (except for Leu/Ile), the combination of amino
acid residues can yield the same mass number or even the
same elemental composition (e.g., Gly+ Gly ) Asn; Gly
+ Ala ) Gln). In order to distinguish different combinations
of amino acids, different degrees of MMA may be required.
A low-MMA instrument with unit resolution may not be able
to discriminate a 1 Dadifference, e.g., Asp vs Asn or Glu
vs Gln. A moderate MMA of<30 ppm is required to
distinguish between the sequences “Thr-Thr-Tyr” and “Asp-
His-Leu” (∆m ) 11 mDa), which is typically achievable by
advanced TOF instruments. Thus, the presence of “gaps” in
the ion series hampers manual attempts at spectra interpreta-
tion because the number of possible di-, tri-, and tetrapeptide
combinations that “fit” the same gap could be enormous if
the MMA does not provide sufficient specificity. At a MMA
of 10 ppm, thede noVo interpretation of MS/MS spectra from
peptides with parent mass<1300 Da is practical using a
hybrid strategy that employsde noVo MS/MS interpretation
followed by text based sequence similarity searching of a
virtual database (i.e., matching the sequences deducedde
noVo to the sequences in the database) rather than the entire
genome database.35 This virtual database can be generated
on-the-fly to include only the set of amino acid combinations
and all permutations of each combination that are dictated
by the accurately measured masses of the parent ion and
immonium ions.35

It is possible to interpret larger sequences by using either
a more sophisticated approach to reduce the number of
sequence permutations that need to be examined or signifi-
cantly improved MMA (e.g.,<1 ppm). In particular,
extremely high MMA is now achievable on much more user-
friendly FTICR and orbitrap instruments;70,150,240however,
bioinformatics tools that take full advantage of exact mass
information for high confidence are still far from mature.
To address this need, a new strategy for non-database-assisted
peptide sequencing has recently been reported,269 which
involves a critical first step to determine the amino acid
composition based on the accurately measured masses
(peptide composition analysis) obtained on an LTQ-FT
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instrument. In the second step, termed composition based
sequencing to be distinguished from conventionalde noVo
sequencing, the amino acid sequences of the peptide are
determined by scoring the agreement between expected and
observed fragment ion signals of the permuted sequences.
In this strategy, the efficiency of permutation and calculation
of all possible amino acid sequences, which is the key to
the overall success for high-confidence peptide sequencing,
depends strongly on the MMA achievable in the analysis.269

A similar approach that utilizes a peptide composition look-
up table indexed by residual mass and number of amino acids
has been applied forde noVo sequencing of peptides using
MALDI-TOF/TOF data.270 Obviously, limitations of these
strategies are still present for large peptides, and their
application in large-scale proteomics studies needs to be
demonstrated.

Unlike the database searching algorithms used in typical
MS/MS experiments,de noVo sequencing algorithms deduce
and score all possible peptide sequences using only sequence
resources available in the spectra. Therefore, thede noVo
interpretation of MS/MS spectra often generates ambiguous
or partial sequences due to insufficient fragment ion informa-
tion or a too complex fragment pattern and due to the
inability to distinguish certain amino acid residues at a
specific MMA. However, these sequences can be used to
drive complementary sequence homology searches265,271(e.g.,
FASTA and BLAST), providing independent interpretation
of the MS/MS spectra that could validate the candidate
sequences that rely on matching fragment ion patterns.35,272

For example, a recent study using this strategy was able to
rapidly assign (confirm or reject) more than 70% of peptide
identifications of borderline statistical confidence from a
MASCOT search, without manual inspection of the raw
spectra.272 However, the performance of this approach is
inherently limited by the availability of meaningful candidate
sequences produced by thede noVo sequencing algorithms.

The success rate ofde noVo sequencing can be further
improved by using the complementary fragmentation tech-
niques (CID and ECD)266,273,274 or by performing two
consecutive stages of MS fragmentation,66 since the ad-
ditional and complementary fragment ion information pro-
vided by these techniques can be combined or correlated
(e.g., MS/MS and MS3)275 for more exclusive peptide
identification. Particularly, utilization of the new generation
hybrid MS instruments (e.g., LTQ-FT) forde noVo sequenc-
ing is desired, because they can provide not only more
complete fragment ion information for significantly improved
peptide identification but also the high mass accuracy (e.g.,
better than(0.04 Da)266 necessary for obtaining low FDR
in proteomics-gradede noVo sequencing. In a comparison
of peptidede noVo sequencing using high-MMA data and
low-MMA data, it has been shown that the percentage of
error-free peptide identifications increases from approxi-
mately 30% for traditional MS instruments (e.g., LTQ) to
90% for precision MS instruments (e.g., LTQ-FT).276

3.2.3. Characterization of Post-translational Modifications

A proteome is not the product of the direct translation of
gene sequences into protein sequences. Instead, many
proteins have been post-translationally modified (some
heavily) to be able to function properly and/or to play a role
in cellular events; for example, reversible protein phospho-
rylation is a key regulatory mechanism in signal transduc-
tion.277 Thus, characterization of PTMs is of great importance

for developing an understanding of biological processes.
However, analysis of PTMs poses significant challenges
compared with conventional techniques for a number of
reasons, which include the modification rate is high (e.g.,
the extent of modifications in the human proteome has been
estimated to be one PTM per amino acid on average278),
PTMs are often present at low stoichiometry, PTMs are
frequently labile, different types of PTMs or multiple PTM
sites may reside in the same region of the protein, and some
PTMs have less defined structure (e.g., O-glycosylation).

Due to its high sensitivity, high accuracy, and versatility,
MS has been used as a primary tool in the proteomics quest
to study PTM and cellular regulatory mechanisms.279,280

MS/MS analysis is particularly useful for this task because
it can simultaneously identify not only the type of PTM
present but also the accurate PTM site(s). Recently, the
accurate and large-scale identification using MS of a number
of important PTMs, such as ubiquitination281 and sumoyla-
tion,247,282,283to name a few, has been reported. Developments
in bioinformatics now allow the search of all types of PTMs
at once without even knowing which PTMs exist in nature
by using spectral alignment284-286 or de noVo interpreta-
tion.268,287 The database searching speed, which typically
increases linearly with the increase in database size and
exponentially with the number of PTMs simultaneously
considered using traditional database search algorithms (e.g.,
SEQUEST), can also be significantly improved by using the
concept of spectral alignment.285,288In addition, the use of a
spectral network constructed by aligning spectra from
overlapping peptides can allow analysis of all correlated
spectra at once, thus increasing the confidence of peptide
and PTM identifications.288 Furthermore, complementary
fragmentation techniques (CID/ECD) using “precision mass
spectrometry” have been suggested for high-confidence
identification of unmodified and modified peptides,276 and
bioinformatics tools for using the accurate mass data and
the combined CID/ECD datasets are becoming avail-
able.274,289,290Due to the limited scope of this review, we
use phosphorylation and glycosylation as examples below
to illustrate how accurate mass measurements can aid in
detecting and identifying PTMs in large-scale proteomics
applications, as the principles used in such analyses can be
similarly applied for the characterization of other PTMs.

Protein phosphorylation/dephosphorylation catalyzed by
various protein kinases/phosphatases often serves as an
on/off “switch” in many important cellular events. While it
is well-known that the most common phosphorylation sites
are serine, threonine, and tyrosine residues, typically only
less than 1% of the total identified peptides from a proteome
analysis appear to be phosphorylated and post-translationally
modified, and tyrosine phosphorylation only represents
0.05% of the total phosphorylation events in the cell.291 The
highly transient and dynamic nature of this PTM makes its
proteome-wide characterization extremely challenging. Since
protein is phosphorylated by forming phosphate ester bonds
with hydroxyl side chains of Ser, Thr, and Tyr residues, a
mass shift of+80 Da accounts for one phosphorylation site.
Thus, the most straightforward method to identify phospho-
peptides in a mixture of predominantly nonphosphopeptides
is to track the peptide mass pattern before and after
phosphatase treatment, which can be easily carried out on a
MALDI-TOF instrument where the phosphatase reaction can
take placein situ on the sample plate.292,293 However, the
efficiency of this method decreases as the sample complexity
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increases. Moreover, using just the mass information for
identification of phosphorylation may not be conclusive
unless a substantially high MMA can be achieved in the
analysis to distinguish this PTM from the others. For
example, high mass accuracy is required to distinguish
phosphorylation from sulfation (∆m) 9.5 mDa).294,295High-
MMA measurements are also particularly attractive for
phosphopeptide identification, because phosphorus has a
distinctively large mass defect relative to H, C, and O (∼0.03
Da). At 0.1 ppm MMA, >80% of the 2 kDa yeast
phosphopeptides can be identified solely on the basis of their
masses.51 A number of CID based approaches have also been
exploited to detect phosphopeptides. In-source CID uses a
high orifice potential during the negative ion mode scan of
the low-m/z range and then a reduced voltage that does not
cause fragmentation while the high-m/z range is scanned.
Phosphate-specific ions (e.g., 79 Da for PO3

-) that are
generated at high-voltage conditions can be monitored for
the detection of phosphopeptides.296 Similarly, methods have
been developed for neutral loss scanning (monitoring the
neutral loss of H3PO4, 98 Da)296,297 and precursor ion
scanning (monitoring the loss of PO3

-)298-300 using TQ
instruments. These methods are all very useful for detecting
the presence of phosphopeptides in a complex and unsepa-
rated peptide mixture; however, the lack of sequence
information often limits their ability for unambiguous as-
signments of the phosphorylation sites.

To achieve large-scale and high-throughput protein phos-
phorylation analysis, pre-enrichment of phosphopeptides
through immobilized metal ion chromatography (IMAC)44

or strong cation exchange (SCX) chromatography67 is
typically coupled with automated LC-MS/MS analysis using
low-energy CID in an IT instrument. Phosphopeptides are
subsequently identified by specifying dynamic modification
of +79.9663 Da on Ser, Thr, and Tyr residues during the
automated database search. As mentioned earlier, filtering
criteria are needed to remove false positives and reach a
desired precision. Typically, a match quality score (e.g.,
Xcorr in a SEQUEST search) and a score that distinguishes
the top hits (e.g.,∆Cn in a SEQUEST search) are used. Such
criteria, although proven effective in global proteomics
analyses,58-60 generally lead to significantly reduced sensitiv-
ity in the phosphoproteomics experiments. Xcorr scores for
phosphopeptides are often suppressed and score similarities
are prevalent (thus, the∆Cn value is generally small),292

probably due to the insufficient fragmentation and generally
reduced fragment ion intensity compounded by the prevailing
neutral loss phenomenon292 and the complexity of the
fragmentation pattern if multiple phosphorylation sites are
present. Chemical derivatization of the phosphopeptides
throughâ-elimination and Michael addition reactions can
effectively alleviate neutral loss and often provides a means
for either enrichment or quantitation.301-305 However, the
sample loss in this multiple-step reaction results in generally
decreased sensitivity of detection, a critical element for
phosphoproteomics analyses.

Not surprisingly, most of the reported phosphoproteomics
studies were performed without chemical derivatization,
which usually requires manual confirmation of the MS/MS
spectra to ensure confident phosphopeptide identification.
Fortunately, this bottleneck in phosphoproteomics analysis
is about to be broken as a result of the recent development
and assessment of alternative filtering criteria that include
mass accuracy and tryptic state constraints and are capable

of producing a substantial increase in precision without
compromising sensitivity.306 Specifically, these alternative
filtering criteria are enabled by using proper search space
selection in combination with high-MMA data (e.g., from
LTQ-FT analysis). The use of a relatively broader search
space (50 ppm), a postsearch strict mass deviation cutoff
(within an 8 ppm window), and a fully tryptic requirement
made it possible to distinguish correct from incorrect peptide
spectral matches with only modest Xcorr filters and no∆Cn
filters, which rescued many correct matches from the low
Xcorr area while maintaining a low error rate (Figure 8). In

other protein phosphorylation analyses, accurate mass-driven
analysis and rapid parallel MS/MS acquisition, a unique and
practical strategy of commercial LTQ-FT and LTQ-Orbitrap
instruments70,150that is independent of the signature neutral
loss from phosphorylated amino acid residues, is very useful
for unambiguously assigning phosphorylation sites and
discovering new sites.119,307Moreover, the ETD technique,
a combination of gas-phase ion/ion chemistry and MS/MS
that induces fragmentation of the peptide backbone while
preserving the labile PTMs (e.g., phosphorylation), has
recently been made available.308 ETD in combination with
the strategy of parallel high-MMA MS and MS/MS acquisi-
tion is expected to provide unparalleled data quality for
phosphoproteomics.

Protein glycosylation is another most common PTM; as
high as 50% of proteins are estimated to be either lightly or
heavily glycosylated.309 More importantly, glycosylation
plays a major role in cell-cell recognition, as well as in
signaling through a reversible mechanism.310 While the
importance of protein glycosylation analysis has been well
recognized, the progress made in this area has been slow,
even with the tremendous advances in MS. Compared to
phosphorylation analysis, complete glycosylation analysis
requires not only identification of glycosylated proteins and
peptides and glycosylation sites, but also illumination of the
glycan structure. The latter requirement adds significant
complexity to the analysis,311 which is another topic entirely
and is therefore not discussed further here. The presence of
a glycan moiety in peptides can be selectively monitored
using either precursor ion scanning in a TQ instrument or
skimmer fragmentation in a single quadrupole instrument.
The characteristic fragment ions that have been used com-

Figure 8. Effects of mass deviation as a filter for removing false-
positive identifications. Correct tryptic phosphopeptide identifica-
tions distribute within an 8 ppm window and an Xcorr> 1.4
(boxed). False-positive identifications distribute evenly throughout
the entire 50 ppm window. (Adapted with permission from ref 306.
Copyright 2006 Macmillan Publishers Ltd.)
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monly for detecting glycosylated peptides are the “reporter”
oxonium ions of hexose atm/z 163.060, ofN-acetylhex-
osamine atm/z 204.084, and of hexoylhexosamine atm/z
366.139.312 However, other nonglycosylated peptides report-
edly can also be detected using precursor ion scanning on a
low-resolution TQ instrument, thus decreasing the specificity
of such an analysis313 because they produce other peptide-
derived fragment ions (e.g.,a, b, andy ions) that have the
same nominal mass as the characteristic reporter oxonium
ions. In the low-m/z range used by precursor ion scanning
for selective monitoring of the reporter ions, there are a large
number of amino acid compositions that have the same
nominal mass. Some of these amino acids have very small
differences in mass compared to the reporter ions; for
example, the difference between theN-acetylhexosamine
reporter ion and thea2 ion of peptides containing an
N-terminal sequence of “Ala-Cys” is only 3 mDa. Use of a
high-resolution Q-TOF instrument has been demonstrated
to be efficient for highly specific detection of glycosylated
peptides through selective monitoring of the characteristic
reporter ions, with only minimal interference from the peptide
fragment ions.314

Typically, glycans can be attached to the peptide backbone
via Ser or Thr residues (O-glycosylation) or via an Asn
residue (N-glycosylation). To identify O-glycosylated pep-
tides and O-glycosylation sites, a tag is typically introduced
via â-elimination and Michael addition reactions, and the
derivatized peptides can be readily identified by database
searching.315The limited sample recovery and potential cross-
reaction with phosphorylated peptides are the main disad-
vantages of this type of method. In contrast, the glycan on
N-glycosylated peptides can be readily removed from the
peptide backbone by incubating the peptide mixture with
peptide N-glycosidase F (PNGase F), which converts Asn
to an Asp residue while removing the glycan, which results
in a mass shift of+1.008 Da of the formerly N-glycosylated
peptide. Therefore, the use of hydrazide chemistry to enrich
glycoproteins and the use of PNGase F to selectively release
N-glycosylated peptides for LC-MS/MS analysis have been
common for large-scale N-glycoproteome profiling.45,316,317

The formerly N-glycosylated peptides are identified by
database searching, using a dynamic modification of+1.008
Da for Asn residues. However, a typical tandem mass
spectrometer used in such analysis (e.g., IT instrument) has
only limited resolution, and the resulting data after database
searching is often ambiguous (e.g.,∆Cn score similarity in
a SEQUEST search) for assigning N-glycosylation sites. This
obstacle can be addressed by either accurately measuring
the mass of the precursor ion or analyzing the same sample
separately on a FTICR instrument to determine the number
of N-glycosylation sites in the peptide.317 To further dif-
ferentiate between spontaneous deamidation and enzymatic
deglycosylation as the cause of Asn to Asp conversion, it is
necessary to apply an enzymatic deglycosylation reaction in
1:1 (v/v) H2

18O/H2
16O, from which a 2-Da mass increment

can be introduced at the site of N-glycan attachment upon
deglycosylation.318 This increment can be easily monitored
on a MALDI-TOF instrument; however, a high-resolution
ESI-MS instrument is needed to detect the small difference
in mass once the peptides are doubly or triply charged. The
use of a high-mass-resolution MS instrument is also typically
needed for characterizing highly complex glycoprotein
digests.319 Even with reversed-phase LC separation, the
complex digest mixture may still contain overlapping isotope

clusters of different molecular weight components, and high
resolution may be essential for correctly identifying these
species. In addition, while extracting the residual mass
distribution of natural peptides from a protein database, the
mass signals near the low-mass edge of the residual mass
distribution have been observed to correlate with a high
probability that the peptide is either a glycopeptide or
contains one cysteine site, several cysteine sites, or a high
number of Asp and/or Glu residues.320 Glycosylation promi-
nently lowers the residual mass value of a peptide, especially
a small peptide, as a result of the high abundance of oxygen
(15.995). Thus, the accurate mass and residual mass distribu-
tion can serve as unique indicators for glycopeptide identi-
fication and validation.

3.3. LC-MS Analysis of Peptide Mixtures
The highly accurate mass measurement capability using

high-resolution MS has enabled broad applications of PMF
approaches for protein/peptide identifications; however, these
applications have often been limited to relatively simple
peptide/protein mixtures. For example, with MMA of∼1
ppm, 85% of the peptides predicted fromS. cereVisiae and
C. eleganswere expected to function as accurate mass tags
(Figure 9).51 This level of MMA could allow for “unique”

peptide identifications in sub-proteome analyses, due either
to the large mass defect of the modified peptides (e.g.,
phosphopeptides) or to the effectively reduced sample
complexity (e.g., cysteinyl peptides).51 In a study where
cysteine-containing peptides were detected at 1 ppm mass
accuracy within a peptide mixture by incorporating chlorine
into a general alkylation reagent specific for cysteine residues

Figure 9. Calculated percent of unique tryptic fragments (potential
accurate mass tags) as a function of tryptic fragment mass at four
different levels of mass measurement accuracy for the predicted
proteins of yeast (A) andC. elegans(B). (Reprinted with permission
from ref 51. Copyright 2000 American Chemical Society.)

3638 Chemical Reviews, 2007, Vol. 107, No. 8 Liu et al.



(to introduce a mass defect), rapid and unambiguous protein
identification could be made by using a single accurate mass
of a cysteine-containing peptide and constrained database
searching.215 However, more specificity of the analysis is
needed for studying more complex biological systems.

3.3.1. LC-MS Feature Based Profiling for High-Throughput
Proteomics

The limited resolving power of MS-only measurements
has been largely overcome by utilizing accurate LC retention
time information obtained from capillary reversed phase
nanoLC separations in addition to accurate mass measure-
ments derived from a high-resolution mass spectrometer such
as FTICR to resolve and further identify individual
features.71,321-325 A feature consists of a detected species with
an associated unique mass and elution time. Provided the
MMA and time measurement accuracy (TMA) are sufficient,
each LC-MS feature will be unique among all detectable
species from a given biological system. Given a pre-
established database of features for a particular biological
system, features can be effectively identified based only on
their unique mass and time information. An attractive aspect
of this approach is that the measured abundances of LC-MS
features can be utilized for relative quantitation among
different conditions. Statistical analyses can be applied for

comparing different conditions for biological characterization
or, for example, biomarker discovery, and features of interest
can be further subjected to targeted MS/MS analysis if they
are not contained within the pre-established database.

This LC-MS feature based peptide/protein identification
approach has been initially termed the AMT tag strat-
egy.71,321,322,324The first step of this strategy is to establish
an extensive LC-MS feature database. Tryptic digests of
complex protein mixtures are analyzed using multidimen-
sional LC-MS/MS, and the identified peptides along with
their calculated masses and accurate measured elution times
are incorporated as AMT tags into the database. As discussed
earlier in this paper (section 3.2.1), the use of high-mass-
accuracy mass spectrometers (e.g., LTQ-FT or LTQ-Orbi-
trap) in LC-MS/MS analyses would result in increased
confidence in peptide identification and thus improvements
in finding/defining the AMT tags. The AMT tag database
provides comprehensive coverage of the proteome and serves
as a “look-up table” for all subsequent LC-MS proteome
analyses without the need for repeated and time-consuming
LC-MS/MS analyses of every sample. The experimental steps
involved in establishing and using an AMT tag are illustrated
in Figure 10. A detected LC-MS feature can be confidently
identified when it matches the same elution time and
theoretical mass of an AMT tag in the database. The power

Figure 10. Experimental steps involved in establishing and using an AMT tag. (A) A tryptic digest of a protein mixture is analyzed by
LC-MS/MS. (B) A tryptic peptide EC*C*DKPLLEK (C* represents alkylated cysteine residues) is identified by MS/MS. The calculated
mass of this peptide (i.e., 1290.5948 Da) and its normalized elution time (NET) are then used to define this peptide in the AMT tag
database. (C) In the second stage, the sample is analyzed under the same LC conditions using a FTICR mass spectrometer. (D) The accurate
mass (i.e., 1290.5948 Da) and NET observed for a doubly charged peptide are used to match to those of the AMT tags in the database,
which leads to its confident identification (EC*C*DKPLLEK). Peptides in isotopically labeled (e.g.,18O labeling) samples can be quantified
using the maximum intensities of paired monoisotopic peaks (inset).
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of this high-throughput AMT tag approach using high-mass-
accuracy data from FTICR and high-resolution separations
for effective peptide/protein identifications and quantitation
has been demonstrated in a number of applications ranging
from microbial to mammalian systems.324,326-328 Alterna-
tively, experimental and theoretical peptide pI information329

may also be used along with accurate mass information for
peptide/protein identification.

The effectiveness of LC-MS feature or AMT tag based
identification/quantitation depends on (1) the complexity of
the system, (2) the complexity of the detectable species from
the analysis of the system, and (3) the overall resolution and
accuracy in the mass and time dimensions for LC-MS. The
MMA is dependent not only on the instrument resolution
but also on other factors, such as calibration and mass shift
correction, as previously discussed. The TMA is dependent
on the resolution and reproducibility of the LC separation
and the accuracy of retention time normalization among
analyses. Recent developments in peptide retention time
prediction models in reversed phase LC have allowed
accurate normalization of retention times between datasets
of similar samples by using a genetic linear algorithm (GA)
approach.330,331It has been recently demonstrated that 1-3
ppm in MMA and 1-2% in TMA for normalized elution
time (NET) can be routinely obtained using LC-FTICR.332

In turn, a distinguishing power equivalent to that achievable
using MS alone with a MMA of 0.1 ppm or less is obtained.
However, the specificity of the LC-MS measurement is
greater than that with MS alone because the specificity in
LC-MS reflects both peptide chemical composition and
physicochemical properties and, thus, can distinguish a
peptide among many (e.g., sequence variants) that have
identical masses. With this level of specificity, high-
confidence (e.g., FDR of∼3%) and comprehensive identi-
fications of LC-MS features for even very complex mam-
malian proteomes, such as human blood plasma327 and mouse
brain tissue,333 can be made. As shown in Figure 11, the
NET constraint significantly reduces the level of random
matches, as indicated by the background level for each

histogram of mass error (the difference between observed
mass and calculated mass for the matched peptide in the
database) for a human plasma dataset analyzed by LC-
FTICR.332

Similar to the concept of the AMT tag strategy, a number
of other approaches have reported the use of mass and elution
time information of high-resolution LC-MS features for
comparative proteomic analyses and protein identifica-
tions.325,334-337 In addition, a number of software tools and
algorithms including VIPER,324 msInspect,338 MapQuant,339

LCMSWARP,340 and XCMS341 have been developed for
aligning and normalizing LC-MS features across multiple
datasets or experiments. Compared to data-dependent
MS/MS approaches, the high-resolution LC-MS feature
based approaches have the advantage of high sensitivity and
overall proteome coverage due to elimination of the sto-
chastic nature of MS/MS sampling (or undersampling issue)
on the chromatographic time scale. As a result of this
improved sensitivity and coverage, typically limited or no
fractionation is required for high-resolution LC-MS feature
based approaches, which increases analytical throughput and
allows a larger number of clinical or biological samples to
be analyzed for a given study. Additionally, the high-
resolution LC-MS feature based approach can be extended
to metabolomics applications, such as metabolite profiling
in biomarker discovery.

3.3.2. LC-MS Feature Based Quantitative Proteomics

The ability to quantitatively determine changes in protein
abundances as well as in protein PTMs in cells, tissues, and
biofluids is essential for elucidating cellular processes and
signaling pathways and discovering useful candidate pro-
tein biomarkers indicative of diseases. When coupled with
stable-isotope labeling and “label-free” quantitative ap-
proaches, LC-MS feature based profiling is currently the most
promising technique for large scale clinical proteomics and
protein biomarker discovery applications. To date, stable
isotope labeling is still the most commonly used approach
for quantitative proteomics, and many different isotope
labeling chemistries have been reported.8,342In principle, all
current quantitative approaches can be easily coupled with
LC-MS feature profiling, with the exception of the isobaric
tagging approach, which relies on MS/MS fragments for
quantitation.343

Isotope labeling approaches can generally be divided into
three categories: (1) metabolic labeling of proteins by
culturing of cells in isotopically enriched media (i.e., enriched
with 15N salt, or13C/15N labeled amino acids) or isotopically
depleted media;344,345(2) enzymatic labeling, such as trypsin-
catalyzed oxygen exchange;327,346-349 and (3) specific isotope-
code tagging at certain function groups for either the global
proteome or different subproteomes.45-47,301,302,304,315,350,351To
differentially compare two different samples, one sample is
generally labeled with a heavy isotope while the other is
labeled with a light isotope. Because the labeled peptide pair
is essentially the same chemical species, they coelute during
chromatographic separation and have the exact same ioniza-
tion efficiency, which enables accurate quantitation. The
paired species can be determined by certain mass difference,
and peptide or protein abundance ratios can be accurately
determined by taking the ratio of the MS intensities for the
two peptide versions. High resolution and MMA are required
for quantitative analysis using isotope labels that have
relatively small mass differences between the light and heavy

Figure 11. Mass error histograms of features detected from a single
LC-FTICR dataset of a human plasma sample that matched to a
human plasma AMT tag database using different levels of normal-
ized elution time (NET) constraints. The LC separation time is
normalized to a 0-1 scale in NET.
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forms, such as with18O-labeling that yields a mass difference
of 4 Da.

Alternatively, “label-free” direct quantitation approaches
are useful because they provide greater flexibility for
comparative analyses and simpler sample processing proce-
dures than labeling approaches. Several initial studies suggest
that normalized LC-MS peak intensities for detected peptides
can be used to compare relative abundances between similar
complex samples.335,352,353These studies have demonstrated
that abundance ratios of separate model proteins may be
predicted to within∼20% in complex proteome digests by
using measured peptide ion intensities obtained in LC-MS
analyses. Among the main challenges for label-free quanti-
tation are multiple issues that affect the usefulness of peptide
peak intensities for relative quantitation, such as differences
in electrospray ionization efficiencies among different pep-
tides and different samples,354 differences in the amount of
sample injected in each analysis, and sample preparation and
instrument reproducibility. These issues are often peptide-
dependent, leading to observed disparity among relative
abundances of different peptides that originate from the same
protein. Improved MMA would effectively reduce the FDR
of the analysis and thus help to alleviate, but not eliminate,
these issues.

3.4. Intact Protein Analysis
The use of a bottom-up strategy in proteomics relies on

the conversion of proteins to peptides via enzymatic digestion
prior to MS analysis. The resulting peptide mixture is much
higher in complexity but much smaller in size than the
original protein mixture; thus, it has a significant advantage
of being able to benefit from high MMA and routine low-
energy CID for confident identification. Proteomics tech-
nologies in the areas of sample preparation, separation, MS
analysis, and bioinformatics have advanced and matured to
a point where proteomics labs adapting a bottom-up strategy
can routinely generate their own modest sets of peptide and
protein identifications without the need for advanced and
often expensive mass spectrometers. However, a number of
limitations inherent with the bottom-up strategy hamper its
ability to provide a more comprehensive survey of biological
systems. The most apparent obstacle in bottom-up proteomics
analyses is that complete sequence coverage of proteins is
rarely achieved, especially in the case of global and large-
scale proteome analyses. As a result, important information
with respect to the native proteins, such as site-specific
mutations and PTMs that are often critical to understanding
protein function and regulation, may be lost and cannot be
examined in a full spectrum. Moreover, attributing certain
peptide identifications to a specific protein is often chal-
lenging because of the presence of highly homologous
proteins and protein isoforms in proteome samples, which
also hinders accurate quantitation. In complex organisms,
alternative splicing can lead to a significantly increased
protein repertoire; for example, up to three-fourths of human
genes have at least one variant.355-357 Therefore, the use of
short peptides as proxy markers for genes is inadequate and
often misleading.358 Given these limitations of a bottom-up
strategy, approaching analysis from the top-down, i.e.,
analyzing individual proteins directly by MS or MS/MS, has
been increasingly pursued.91,359,360

Intact protein analysis has been carried out using ESI-
MS/MS in a TQ instrument,361 in-source decay of ions in
MALDI-TOF,362 and charge reduction of fragment ions from

electrosprayed proteins in an IT.363 Advanced Q-TOF instru-
ments with the help of internal mass calibration can achieve
relatively high MMA; for example, human hemoglobin
variants that differed by<6 Da (â-chain) were able to be
distinguished from normal hemoglobin in heterozygotes by
using Q-TOF and theR-chain as internal standard.364 Both
high MMA and mass resolution greatly enhance the confident
assignment of protein identity based on molecular mass and
the often complicated fragmentation patterns. FTICR has the
highest possible mass resolving power (>400 000) and MMA
(<1 ppm), as well as the unique capability of fragmenting
intact proteins with a variety of techniques. In addition,
FTICR is capable of measuring protein molecules as large
as 112 508 Da (measured 112 509 Da) at a resolving power
of 170 000, using a 9.4 T instrument and a time domain
sampling technique.365 Expectedly, with the use of stronger
magnetic fields (e.g., 14.5 T366) and 13C and 15N double
depletion,367 even larger proteins can be accurately measured.
Another advantage of FTICR is that proteins present at
zeptomole368 to attomole369 concentrations can be detected,
even those in complex protein mixtures.370,371 Given these
advantages, most intact protein analyses have been carried
out using FTICR.

3.4.1. Intact Protein Profiling

2-DE has been an important technique in proteomics due
to its ability to separate and display thousands of expressed
proteins. Some useful information of proteins, such as pI
andMr, can also be obtained using this technique. However,
2-DE is relatively low-throughput, is labor-intensive, lacks
sensitivity, and still requires subsequent efforts (e.g., in-gel
digestion, MS analysis) for protein identification and char-
acterization. New techniques developed to address these
limitations typically involve high-performance separations
coupled to a highly sensitive and accurate MS instrument
(e.g., FTICR). Upfront separation of a protein mixture prior
to MS analysis reduces sample complexity and provides
useful information about the native protein, such as pI, Mr,
hydrophobicity, and electrophoretic mobility, depending on
the type of separation technique. For instance, capillary
isoelectric focusing (CIEF) coupled to FTICR provides pI
and molecular mass information (analogous to 2-DE) with
high resolution and accuracy on both axes, particularly the
mass dimension, as well as high sensitivity and throughput.
The use of isotope depletion further improved the sensitivity
and accuracy of molecular mass measurement in FTICR
analyses, as well as significantly enhanced spectral quality.372

However, even for a simple organism such asE. coli andD.
radiodurans, pI and accurate molecular mass alone may still
be insufficient in many cases for identifying proteins;
additional structural information may need to be acquired
via MS/MS on the FTICR instrument.372,373

High-pressure (e.g.,>10 000 psi) reversed phase LC using
a capillary column packed with small particles374-376 can
provide improved recovery for protein separation377 in
addition to providing high peak capacity (∼1000) for peptide
separations.378 This technique was coupled to FTICR to
characterize intact proteins from the large unit of the yeast
ribosome,136 which was previously complicated due to
involvement of a large number of proteins that contained
highly basic amino acids and, more significantly, various
modifications that often presented in combination. In a single
reversed phase LC-FTICR experiment, the high-resolution
separation and the high MMA obtained by using “mass
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locking” allowed unambiguous identification of 42 of the
43 proteins associated with the core large ribosome subunit
and 58 (out of 64 possible) core large ribosomal subunit
protein isoforms. This study also demonstrated the signifi-
cance of intact protein analysis for providing information
on cotranslational and post-translational modifications of
these ribosomal proteins, which could very well be missed
in bottom-up analysis given their highly basic amino acid
content.

Considering issues such as different combinations of PTMs
and unexpected modifications, it is generally impractical to
unambiguously identify proteins at the proteome level based
solely on accurate molecular masses. In response to these
issues, a strategy that utilizes accurate molecular mass
measurements and partial amino acid content information
to unambiguously identify intact proteins from sequence
databases was developed.370,371Proteins were extracted from
organisms grown in natural isotopic abundance minimal
medium or minimal medium that contained isotopically
labeled amino acids (e.g., Leu-D10), after which they were
mixed and analyzed by CIEF-FTICR. The accurately mea-
sured molecular mass and additional constraint provided by
the number of labeled amino acid residues determined from
the mass difference of the unlabeled and labeled proteins
(Figure 12) facilitates unambiguous protein identification
without the need for MS/MS analysis. While protein
identification relies more on the amino acid content than on
the accurate molecular mass of the unlabeled protein, high
MMA greatly aids in the identification of protein PTMs.
Simple PTMs, such as the loss of an initiating Met residue,
methylation, acetylation, and phosphorylation, can be readily
identified by this approach. Identification of more extensive
PTMs such as glycosylation may be possible if the number
of two or more amino acids present in the protein can be
determined and the heterogeneity is not excessive. An
apparent limitation of this approach is that only auxotrophic
organisms (such asE. coli and S. cereVisiae) are suitable
for this type of study since the labeled amino acid needs to
be effectively incorporated by the organism.

3.4.2. Protein Fragmentation and Characterization

A top-down strategy is particularly attractive for character-
izing proteins because protein structure can be determined
by using various fragmentation techniques with FTICR
instrumentation, such as sustained off-resonance irradiation
collision-induced dissociation (SORI-CID),379 infrared mul-
tiphoton dissociation (IRMPD),380 blackbody infrared radia-
tive dissociation (BIRD),381 and ECD.40 The high resolving
power and high MMA benefit analysis of both the parent
ion and fragment ions that result from backbone bond
cleavage of the proteins. In addition, molecular and frag-
mented masses from the intact protein are far more specific
for characterizing protein sequences and PTMs than peptide
masses derived from the protein. ECD, which is mainly used
on FTICR but is also available on IT instruments,382-384

induces far more unique cleavages through fast nonergodic
dissociation of covalent protein backbone bonds40,385-387 and
allows identification of proteins as large as 45 kDa.388 Unlike
CID, which generates mainlyb andy ions, ECD cleaves the
amine bonds to yieldc andz̆ ions, plus cleavages that produce
a small amount ofă and y ions; thus, CID and ECD are
complementary.40,389 The N- and C-terminal fragments in
ECD spectra can be readily distinguished without extra
chemistry if dissociations between the same residue pair yield

both ay and ac or z̆ ion (the mass difference betweenb and
c ions is -17.03 Da while the mass difference betweeny
and z̆ ions is +16.02 Da), which facilitates automatedde
noVo sequencing of proteins. Although for instrumentation
reasons ECD is currently mainly available on FTICR
instruments, its main benefit is the improved sequence
coverage and spectral interpretability, with or without
accurate mass measurements. However, ECD with high
MMA would certainly further enhance the specificity of the
analysis and thus enable the accurate sequencing of larger
proteins. For example, the complete sequence of ubiquitin
(8.6 kDa) can be correctly predictedde noVo using ECD
with high MMA.273 Because ECD cleaves predominantly
backbone bonds, PTMs that are labile under other activation
conditions (e.g., CID, IRMPD) can be retained on the
fragments, which allows unambiguous localization of PTMs.
An inherent disadvantage of ECD is decreased sensitivity,
which is generally lower than that obtained using CID,
primarily due to the great variety of fragments produced.
As a result, multiple spectra must be added together to
improve S/N (i.e., a longer acquisition time is needed) for
enhanced identification probability. This requirement com-
promises coupling ECD with high-performance separation
techniques and limits the applicability of ECD for large-

Figure 12. Zero charge state spectra of theE. coli phosphotrans-
ferase system phosphocarrier protein HPr (Mr ) 9119.4 Da) detected
during on-line CIEF/FTICR analysis fromE. coli grown in minimal
medium combined with cells grown in minimal medium containing
0.1 mg/mL of (A) Ile-D10, (B) Phe-D8, (C) Arg-13C6, (D) His-13C6,
or (E) Lys-13C6. (Reprinted with permission from ref 371. Copyright
2002 John Wiley & Sons Limited.)
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scale global proteome analysis. For example, although
CE(LC)-FTICR ECD proved successful for analyzing a
simple 3-peptide mixture,334 analysis of a complex mixture
is still challenging.390

The combination of accurate mass measurements and ECD
appears to be particularly suited for structural characterization
of individually expressed proteins, and the problem-solving
capabilities of this approach have been demonstrated in a
couple of detailed top-down protein analyses. For example,
a number of proteins involved in the biosynthesis of thiamin,
the biosynthesis of Coenzyme A, and the hydroxylation of
proline residues in proteins were overexpressed inE. coli
and characterized using ECD. Results indicated that most
of these proteins exhibited a discrepancy between the
predicted and identified sequences in the N-terminus; high-
MMA FTICR also allowed identification of unexpected
disulfide bond formation in viral prolyl 4-hydroxylase.388

Top-down analysis with ECD is also a powerful approach
for characterizing protein family members and variants, a
challenging task for bottom-up proteomics due to the high
degree of amino acid sequence reservation, as demonstrated
in recent studies on the human histone H2A391 and H2B392

families. In these studies, a total of twelve H2A gene family
members and two variants391 and a total of seven H2B gene
family members392 were identified using a top-down strategy
and ECD. This approach is particularly useful for H2A and
H2B versus other human histones such as H3, where the
isoforms can be separated chromatographically. A study of
carbonic anhydrase using ECD exemplified protein charac-
terization with the largest number of dissociated interresidue
bonds.393 Cleavages were achieved for this protein at 250 of
the 258 interresidue locations by minimizing further cleavage
of primary fragments and by denaturing the tertiary nonco-
valent bonding of the molecular ions under a variety of
conditions (e.g., different ESI solutions and ion activation
and ECD conditions). This extensive information on back-
bone bond cleavage can limit the PTM to within one
residue.393 In another study using plasma ECD, all 26
possible phosphorylation sites in casein were characterized.394

Most top-down proteomics studies that utilize high-MMA
and fragmentation techniques have been demonstrated using
only a few intact proteins. An initial FTICR MS/MS study
showed that a sequence tag containing three to four contigu-
ous amino acid residues and a molecular mass of<2 kDa
was sufficient for protein identification from a species-
independent database; however, more sequence tags may be
required for unambiguous identification of larger proteins.395

Later, another statistic model demonstrated probability based
protein identification without the need for sequence tags,
using wild-type proteins extracted from bacteria and the
archaea.396 Only three to four nonadjacent fragment ions (in
this case, from IRMPD or SORI-CID) were needed for intact
protein identification with>99% confidence from a database
of 5000 proteins. This specificity enables searching without
restricting protein molecular mass values to a narrow range,
which is particularly useful for identifying multiple proteins
from a protein mixture fragmented in parallel (two or three
proteins can be identified at once).396 ETD, an ECD-like
fragmentation technique which is typically used with widely
accessible quadrupole IT instruments,308,397 can randomly
dissociate large peptide and even intact protein cations on a
chromatographic time scale for rapid protein identification.
With this method, multiply positively charged proteins are
allowed to react with fluoranthene radical anions. After

electron transfer, the charge-reduced protein ion dissociates
through, most likely, the same mechanism as in ECD and
generates N-terminalc ions and C-terminalz ions. The
multiply charged fragment ions can be deprotonated in a
second ion/ion reaction with the carboxylate anion of benzoic
acid through a mechanism of proton-transfer charge reduction
(PTR) to produce a simplified spectrum that facilitates
interpretation. The fragment ion information (particularly for
the 15-40 amino acids at both the N-terminus and the
C-terminus of the protein) and the molecular mass informa-
tion are then used for protein identification through database
searching. This approach was applied to characterize histone
H3.1 PTMs and to identify a new member of the H2A gene
family.397 In another study of intact proteins from theE. coli
70S ribosomal protein complex, 46 of 55 known unique
components as well as a number of their modified forms
were identified in a single 90 min automated LC-MS/MS
experiment, with the data acquisition rate not greatly slower
than that used for acquiring CID spectra on tryptic peptide
mixtures.398 Therefore, ETD provides much higher through-
put for top-down analysis, as compared to ECD.

Measuring ETD product ions with high MMA is desired
to provide better specificity of protein identification and PTM
characterization. However, adaptation of the new hybrid
instruments which use an IT as an intermediate storage
chamber, mass analyzer, or both (e.g., LTQ-FT, LTQ-
Orbitrap, Q-TOF) to accommodate ETD has been technically
challenging to realize, due mainly to the difficulty in
introducing the anions necessary for ETD. Just recently, a
dual ion source concept (i.e., one for generating peptide/
protein cations and one for generating reagent anions) which
requires minimal instrument modification for implementing
ETD reactions on hybrid instrumentation has been proposed.
Anions generated by an atmospheric pressure chemical
ionization (APCI) source have been shown to induce ETD
with varying degrees of efficiency.399,400Preparation of ETD-
inducing anions via ESI has shown a greater degree of
success,401 and this strategy has been extended for the
implementation of ETD on a LTQ-Orbitrap mass spectrom-
eter using paused, dual ESI sources to generate discrete ion
populations for subsequent ion/ion reaction in the linear IT.42

ETD product ions are then injected into the orbitrap for high-
resolution and high-mass-accuracy measurement (typically
within 2 ppm at a resolution of 60 000). Although this
approach has fairly long pulsing times and relatively low
electron-transfer efficiency, as compared to conventional
ETD instrumentation (i.e., IT), its value for top-down analysis
was readily apparent. For example, thec andz ions that were
not identifiable using a linear IT could be easily identified
from the ETD data acquired on the orbitrap, resulting in
increased sequence coverage and higher specificity for
protein identification.42

Top-down protein sequencing has also been demonstrated
for small proteins (10-25 kDa), using MS/MS and MS3 in
an LTQ-Orbitrap instrument. While CID is known to
efficiently fragment proteins in ITs, the lack of sufficient
resolution of this type of instrument limits its ability to
resolve large protein fragment ions and their charge states.
The LTQ-Orbitrap has greatly reduced “TOF effects”
compared to the LTQ-FT and is capable of achieving high
sensitivity (<50 fmol), high MMA (<3 ppm, using the “lock
mass” mode of operation), and high resolving power
(60 000), which make it suitable for top-down analysis of
proteins. High-quality MS, MS/MS, and MS3 spectra pro-
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vided by the LTQ-Orbitrap have allowed identification of
unmodified and modified proteins.402 Although not demon-
strated in this study, detection for on-line separation of a
complex mixture having a wide range of abundances is likely
to give a wider MMA distribution, and new algorithms are
needed to fully utilize the MS3 data and high-MMA
information. Also, similar to intact protein identification that
uses other fragmentation methods, e.g., IRMPD, ECD, and
ETD, this method is currently applicable to small proteins.
For proteins above∼70 kDa (roughly where the top-down
protein characterization methods become less effective),
limited proteolysis (e.g., using Lys-C) may be applied to
generate smaller fragments.403,404Alternatively, “prefolding
dissociation” (PFD) and a method for conformer disruption
that involves ESI solution additives can be applied to proteins
with masses>200 kDa. Top-down PFD characterization with
a 6-T FTICR instrument demonstrated∼70% sequence
coverage on the first∼200 residues of each terminus of large
proteins.405 Expectedly, with the use of a stronger magnetic
field, stable PTMs (e.g., methylation, acetylation, oxidation,
and deamidation) can be characterized for large proteins.

4. Informatics Algorithms and Pipelines for
Interpreting and Applying Accurate Mass
Information

Complex spectra from high-resolution mass spectrometers
require algorithms for automated interpretation because of
the nature of the information generated. LC-MS and
LC-MS/MS analyses furnish complementary information and
need to be interpreted with different algorithms. While
LC-MS/MS analyses produce high-confidence identifications
through fragmentation spectra, LC-MS experiments provide
a comprehensive sampling of ions and, thus, provide better
quantitative information because more time is spent in
sampling all the ions rather than focusing on a subset of ions
for fragmentation. Higher resolution also helps in separation
of overlapping signals from peptides of similar mass and
thus provides more precise quantitation by better assignment
of abundance to individual peptides. As a result, large scale
experiments can benefit by incorporating information from
multiple types of analyses on multiple types of instruments
and using a pipeline of analytical tools. We discuss algo-
rithms for interpretation of high-resolution data in subsection
4.1 and the main analytical pipelines using high mass
accuracy in subsection 4.2.

4.1. Analysis Algorithms
In a high-resolution mass spectrometer, peptides and

proteins are typically observed as several related peaks that
result from isotope combinations of component elements
rather than as single peaks. The overall shape of these related
peaks is commonly referred to as an isotopic envelope that
depends on the chemical composition of the compound, the
natural distribution of the isotopes of the elements that make
up the compound, and the resolution of the instrument.
Moreover, depending on the charge acquired by the com-
pound, the separation of these related peaks changes because
ions are samples inm/z space rather than mass space.
Peptides form complicated isotopic envelopes because carbon
and sulfur have relatively high percentages of higher isotopes
that occur naturally. Several approaches have been developed
to model the isotopic profile of chemical compounds.406-408

These approaches range from the use of polynomial methods

to account for the relative abundance of each isotope in each
of the elements in the compounds,408 to the use of precom-
puted isotopic profiles of multiple copies of individual atoms
to calculate isotopic profiles for new chemical formulas,406

to the use of sophisticated Fourier transform algorithms that
perform a convolution of the mass spectra of the isotopes of
each of individual element in a compound407 for creating
theoretical profiles. Depending on the dynamic range of the
measurement, a complex mass spectrum from an analysis
of a complex biological sample such as human plasma can
exhibit hundreds to thousands of features, which makes mass
spectral analysis a challenging task.

Several algorithms have been developed to analyze a mass
spectrum of a complex protein or peptide mixture and find
the components that gave rise to the signals observed in the
mass spectrum.339,409-413 These algorithms are applied to
high-mass-accuracy data from FTICR and Q-TOF analyses
in which the isotopic envelope resolution allows determi-
nation of the charge state. Typically, the process of collapsing
peaks from the same chemical compound and charge state
into one peak is referred to as “deisotoping”, while the
process of collapsing different charge state signals into one
mass is referred to as “deconvolution”.414 Initial efforts at
interpreting spectra focused on deconvolution by looking for
alternative charge states of the same feature.414,415 Subse-
quently, mass spectra were deisotoped by comparing ob-
served isotopic envelopes against theoretical isotopes from
“average” molecules.410,411 THRASH, which is one of the
more well-accepted algorithms for deisotoping of a mass
spectrum, does so by scanning through them/z range and
inspecting each significant peak. To deisotope each peak,
THRASH identifies its charge state by using a charge
detection algorithm. The charge of a peak is detected by
autocorrelating the spectrum around a peak against itself
(using a hybrid Patterson and Fourier transform) and looking
for the shift that causes high autocorrelation values.416 The
charge of the peak is calculated by using the relationship
that this shift should be approximately equal to 1.003/charge
of the peak. Once a charge is determined, an average
empirical formula is guessed by using the average molecular
formula from a database. ThisaVeragine formula and the
resolution of the peak are used to determine the approximate
theoretical profile for the peak. Fitting the theoretical profile
against the observed mass spectrum is used to decide whether
the observed signature is real. If it is real, the related peaks
are removed by using the theoretical spectra to identify the
related peaks. Alternatively, when a low-quality fit is
produced from the automatically detected charge state, all
charge states are fitted against the observed profile. This
process is repeated for every peak in the mass spectrum.
Newer algorithms attempt to deisotope mass spectra in the
context of a liquid chromatographic separation.338,339These
algorithms use the elution profile of peptides as extended
information to improve the accuracy and speed. In one such
approach,338 peaks in every spectrum are first determined
by using wavelet transforms. Peaks with similarm/z values
presented over multiple spectra are grouped together based
on the assumption that they represent the same peptides.
Isotopic profiles that exhibit an expected LC elution profile
are then tested against theoretical distributions, using a
Kullback-Leibler distance to compute the distance between
observedm/z value of the peak apex and the theoreticalm/z
value. The theoretical distributions are computed using a
single parameter truncated Poisson distribution. Another
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approach uses image processing algorithms to determine
features present in a sample.339

The ability to determine peak charge states in a mass
spectrum depends on instrumental resolution. Charge states
as high as 10-20 can readily be determined in FTICR mass
spectra, while charge states higher than 6 are hard to
determine in TOF mass spectra. IT mass spectra are
notoriously hard, if not impossible, to deisotope because of
low resolution. As a result, pipelines that use IT data do not
typically perform deisotoping to determine monoisotopic
components but instead focus on peak detection inm/zspace
using the two-dimensional information available from the
repeated acquisition of mass spectra over an LC separation.
For example, in one approach, peaks are separated from noise
by requiring that a peak has a certain intensity (S/N> 5),
has similarm/zpeaks with high intensities in the neighboring
(5 scans, and has another peak withm/zwithin its “isotopic
range”.337 An alternate sophisticated approach performs peak
detection by using a pixelation approach that prioritizes
peaks/pixels into levels with progressively lower stringen-
cies.417 Each level is determined using anM - N rule that
specifies the relative S/N,M (compared to the background
intensity, C), and the number of scans (N) for which this
signal should be seen. Rules are chosen for each level such
that theith level has 2i-1(1000) pixels. Pixels from higher
levels are merged into lower-level pixels, and original peaks
are preserved if pixel overlap occurs by bisecting any merges
that take place. Other alternate algorithms have been
described that use three-dimensional data to develop matched-
filters for differentm/z bins and then apply these filters to
remove background noise and identify significant peaks in
the data.341,418 Obviously, the lower resolution of these
instruments reduces the accuracy of the results, producing
both higher false positives and false negatives in discovering
peptides because masses of peptides cannot be correctly
determined for multiply charge peptides where isotopic
resolution is not sufficient to determine charge. In addition,
quantitative information also suffers because peptides of
similar masses end up being observed as a single ion with
intensity equal to the sum of their individual intensities.

Interpretation of MS/MS spectra requires a different
repertoire of algorithms, and several different algorithms and
approaches have been described.31-33,35,37,419,420As mentioned
earlier, two broad approaches are available for interpreting
tandem mass spectra:de noVo sequencing and database
searching. Thede noVo sequencing algorithms such as Peaks,
GutenTag, and Lutefisk attempt to computationally identify
candidate peptide sequences that would give rise to a mass
spectrum by looking at the amino acid mass differences
between peaks in the spectrum. Alternatively, the database
searching algorithms use a database to choose candidate
sequences and match suitable candidates against a spectrum
to select a set of candidate matches. Candidate selection is
performed on the basis of a score obtained from a routine
that constructs the theoretical spectrum for a peptide sequence
and calculates the similarity between the observed mass
spectrum and the theoretical spectrum. Most of the database
searching algorithms differ in the way the theoretical
spectrum is constructed and the function that is used to
compute the similarity scores. SEQUEST, the first such
algorithm to be developed, uses the mathematical cross-
correlation function to compute this similarity. To do so, the
theoretical spectrum is generated using all possibleb andy
ions, with each ion having an equal height. In addition, lower-

intensity peaks are added fora ions, and ammonia and water
loss ions are added for relevant amino acids. The theoretical
spectrum and the observed spectrum are padded to 4096
points (by zero filling) and cross-correlated. A major
limitation of this approach is that it does not take into account
observed fragmentation patterns. Experienced mass spec-
trometrists apply several heuristic rules when validating
spectra; however, incorporation of these rules into search
algorithms has been slow. In a recent work, a decision tree
of rules for fragmentation patterns was learned from a set
of curated spectra and incorporated into a web search
engine.234,421 However, most of the research community is
still heavily invested in traditional search engines, and
incorporation of new software has been slow as well. Of
the more accepted tools, X!Tandem419 is the only algorithm
that attempts to incorporate some common rules into the
generation of the theoretical spectrum, and it generates a
spectrum in which all peaks do not necessarily have the same
height. Its scoring scheme uses a hypergeometric function
to calculate similarity between the theoretical and observed
profiles. Nevertheless, progress continues to be made in
modeling fragmentation patterns220,422and tools are expected
to continue to improve. An additional complication in the
interpretation of MS/MS spectra lies with the database
matching of modified peptides; it is typically hard to know
from the spectrum itself whether it is modified or not
(phosphorylation being a notable exception). To allow for
the possibility that a spectrum might be modified, it is
essential to match the spectrum multiple times with different
modification candidates. Doing so increases the search time
linearly with the number of modifications for single modi-
fication searches and exponentially when multiple modifica-
tions are allowed. A recent approach employs a dynamic
programming algorithm run on a large dataset to generate a
set of candidate modifications by looking for modified
peptides after a first pass search has generated an initial
candidate set of proteins.420

4.2. Analysis Pipelines

Higher-quality information can be extracted in large scale
experiments by organizing both the instrumental and data
analyses into pipelines that make use of the complementary
information available from the different streams of data.
Several computational pipelines have recently been devel-
oped that attempt to analyze data globally which use elution
time information from couple liquid chromatography systems
for improving results. Some of these pipelines use data
generated on IT mass spectrometers337,341,417while others rely
on higher-mass-accuracy instruments such as Q-TOF,341,423,424

new hybrid instruments such as LTQ-FT and LTQ-Orbi-
trap,71,325 or a hybrid set of instruments such as FTICR/
Q-TOF and IT.71,325While a diversity of pipelines have been
explored recently, these pipelines share several similar
components in the form of algorithms designed to analyze
and collate data. Data analysis components for MS data
include algorithms that deconvolute spectra where resolution
is high enough for isotopic patterns to be observed and
algorithms for finding peaks in the case of IT instruments
where isotopic resolution is not available. The deconvolution
or the peak picking can be performed either on each
individual spectrum separately409-411,415or on the entire set
of spectra together, in the context of a liquid chromatographic
separation.325,337-339,341,412,417Data analysis components for
MS/MS data include algorithms that interpret tandem mass
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spectra (MS2 to MSn).32,33,35,57,61,419,420Data integration com-
ponents include algorithms that correct elution time and
MMA variability among multiple experiments.330,337,340,425-428

The order in which these pieces are applied has given rise
to several alternative pipelines. Earlier pipelines proposed
processing of individual datasets followed by alignment and
collation of results.71,424More recently, pipelines have been
proposed in which datasets are first minimally process and
aligned and then further processing is performed on the
globally aligned datasets.325,337,417Different filtering rules and
criteria are applied to align and process datasets generated
on instruments with differing mass accuracies.

An LC separation has additional implications other than
its use in noise determination and deisotoping in processing
pipelines. The addition of an LC separation system to the
front end of a mass spectrometer provides additional
coordinates for characterizing peptides. Each peptide elutes
from an LC column over a period of time, rather than
instantaneously. The peptide elution pattern from a column
is referred to as its elution profile, while the time it takes
for a peptide to elute from the column is referred to as its
elution time. Several approaches have been reported in the
literature that describe the theoretical elution intensity profile
of a peptide eluting from a reverse phase column. Recently,
peptides were reported to show a Gaussian elution time
distribution around their ideal values after retention time
normalization of LC experiments.330,340The use of this elution
time in addition to mass for identifying peptides, which was
pioneered by the AMT tag strategy,71 has gained increasing
acceptance and has been incorporated into other pipe-
lines.325,337,338,412By using mass and elution time dimensions,
the confidence in MS/MS and MS identifications can be
increased.429 However, peptide elution times can suffer
experimental biases due to dead volume. Additionally,
nonsystematic local drifts can take place during the course
of an experiment as a result of minor imperfections in
chromatography, but these imperfections can be accounted
for because they appear to affect the majority of peptide
elution times. Several algorithms have been described for
aligning datasets.324,337,340,417,425,426,428The earliest algorithms
were developed for gas chromatography systems and were
used to align chromatograms from different datasets.425,430

These algorithms aligned chromatograms by breaking them
into pieces and then allowing the pieces to expand and
contract (warping) such that aligned chromatograms had the
highest similarity to each other. The similarity was computed
as a function of the similarities of the intensities of
overlapping points, and the alignment functions were com-
puted using a dynamic programming algorithm.

Alignment of LC-MS/MS datasets to each other has been
accomplished by using a genetic algorithm to calculate and
predict ideal normalized peptide elution times.330 The AMT
tag strategy also uses an algorithm to perform a linear
alignment between scan numbers of features in an LC-MS
analysis and the NET of peptides from LC-MS/MS data
sets that were previously aligned to each other. Subsequently,
a continuous profile model (CPM) has been used to both
align and normalize total ion chromatograms from multiple
LC-MS datasets.426 This approach employs Expectation
Maximization to generate an ideal total ion chromatogram
(TIC) from observed TICs with the use of a model similar
to a Hidden Markov Model that specifies how sections of a
chromatogram may expand or contract, and the TIC values
may also be enhanced or suppressed. The use of this

algorithm is limited by its computational speed and by the
fact that it presumes TICs capture of all the information
needed for aligning two datasets. Alternatively, regression
functions (specifically regression splines431) have been used
iteratively for alignments.417 Other alignment algorithms have
been developed to extend the warping approach to suit the
needs of a particular pipeline. These algorithms differ on
how experiment sectioning is performed and the scoring
scheme used. A method was developed that uses raw data
from experiments in computing similarity scores across every
pair of spectra in two datasets.337 This similarity score
represents a measure of the relative similarity of the intensity
patterns of peaks inside two spectra. The alignment function
is only able to move vertically, horizontally, and diagonally
from one scan to the other. An extended approach uses a
smoothing spline to remove this limitation.428 A dynamic
programming algorithm applicable to the AMT tag approach
has also been developed recently.340 This approach can be
applied to processed data in which only individual mass and
time features are available rather than entire scans. The
algorithm aligns datasets by modeling the variability of mass
and elution times of features and by breaking datasets into
subsections. A similarity score is computed on subsections
of data, and a global alignment is computed without the need
for a continuous data profile such as total ion current and
raw data from each scan. In addition, this algorithm performs
mass recalibration. Other algorithms have also been applied
for aligning mass and time pairs. In these algorithms,
candidate pairs are first generated on the basis of mass alone,
and an initial alignment function is generated and refined
iteratively by removing spurious matches.338,423One of these
approaches starts by first estimating a linear transformation
function by robust regression, and it subsequently uses
nonlinear smoothing spline regressions on residuals to
iteratively improve the fit values.338

The relative advantages of different modes of mass spec-
trometry and different types of instruments have led to the
development of three main categories of pipelines, that is,
those that use (1) multiple LC-MS/MS experiments with or
without quantitative profiling,337,417(2) LC-MS based experi-
ments to develop quantitative profiles,338,341,423and (3) a
hybrid strategy of LC-MS based profiling and LC-MS/MS
based identifications.71,325,335,424Table 1 summarizes some
of the different pipelines currently in use.

When performing quantitative comparisons, MS/MS based
strategies use the intensity of the precursor ions in the parent
MS scans. A pipeline was reported for IT instruments in
which a software suite was used to find features common to
multiple LC-MS/MS experiments.417 Because of the lower
resolution of the IT instruments, these datasets were hard to
deisotope, and processing was done on peak level informa-
tion. The software bins peaks from MS scans intom/z bins
and uses signal processing algorithms to discover peaks in
the chromatographic dimension and to create “pamphlets”
that contain pixels for identified peaks. Pamphlets from
different experiments are aligned by using a 2-D spline, and
peaks from different pamphlets are matched to each other
based on their closeness after alignment. The identity of the
peaks involved is extracted from the interpretation of the
MS/MS spectra related to the peaks and is available provided
at least one of the spectra is interpretable. Quantitative
information from the precursor ions is used to perform
intensity normalization and discover features that change in
abundance. Profiling on low-resolution instruments has also
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been attempted by constructing signal maps.337 As noted
earlier, signal processing algorithms can be used to reduce
noise by requiring that peaks be observed over multiple
consecutive spectra in the chromatographic dimension. In
the reported study,337 the signal maps were aligned, and
similarities and differences were extracted and used for
biomarker discovery. Multiple analyses were combined in a
progressive strategy of aligning and merging datasets based
on similarity. MS/MS identifications were also transferred
from low-quality identifications to matching high-quality
identifications.

LC-MS based profiling methods are useful for classifying
samples, but they provide little information about the identity
of important features. The different LC-MS based methods
are largely similar and involve detection of features in
individual datasets, followed by alignment of multiple
datasets to a reference. The next common elements in all
the datasets are grouped based on mass and elution time
similarity, and a master list is generated that is similar to a
peptide array and can be used for profiling and classification
of samples.338,423Hybrid strategies allow both profiling (from
MS level information) and identification by using either
databases of identified features71 or hybrid instruments such
as LTQ-FT and LTQ-Orbitrap where identifications from
interpretation of concurrent MS/MS spectra can be trans-
ferred to features.325

5. Conclusions and Outlook
MS has evolved both technologically and conceptually as

one of the most important tools in the postgenome era,
changing from a means of simply obtaining molecular mass
information to a versatile platform for measuring the
constituents and dynamics of biological systems. Although
developments aimed at improving sensitivity, specificity, and
throughput in proteomics are essentially an open-ended
endeavor, several trends are currently evident. Increasingly
robust biochemical methods are continuously being devel-
oped for enriching low-abundance proteins and for isolating
specific protein complexes prior to MS analysis. High-
resolution separations that employ very small inner diameter
(e.g., 10µm) columns, as well as the use of microfluidics
and improved ESI sources (e.g., a multiemitter nanoESI
source), can provide significantly improved sensitivity and
quantitation. More efficient ion transmission from the source
into and through the MS analyzer by means of an electro-
dynamic ion funnel further enhances analytical sensitivity.
The exceptionally high MMA now achievable through the

new generation of high-resolution mass spectrometers dra-
matically enhances the fidelity and robustness of large-scale
proteomics analysis with both bottom-up and top-down
strategies. The emergence of new hybrid instruments ad-
dresses the need for highly accurate yet versatile analyses
of proteome samples when higher speed at high resolution
is desired. Strategies such as the AMT tag approach and other
LC-MS feature based approaches improve throughput and
enhance studies designed for probing the dynamics of
biological systems.

In parallel with these developments are more robust
algorithms and analysis pipelines for accurate interpretation
and analysis of the high-quality quantitative MS data essential
to proteomics. Continued improvements in data analysis
algorithms are required to reduce the FDR of identifications,
better deal with the ambiguities in identifications, and
increase the true positive rates. Better algorithms for
discovering features and “aligning” of datasets continue to
be developed as the nature of the data is better understood.
In addition, approaches for the analysis of MS/MS fragmen-
tation patterns continue to be studied that will result in better
quality identification and higher-confidence results with
metrics that characterize this confidence and that will extend
proteomics to the broad characterization of PTMs.

The interaction between technology and biology will
continue to drive advances in both of these fields, as
witnessed in the development and application of proteomics
over the past 15 years. As a result of these continuing
advances, MS based proteomics will be well-positioned to
play an important role in many areas of basic biological
research, as well as biomedical research directly associated
with human health, such as systems biology,432,433 and
biomarker discovery and validation.332,434

6. Abbreviations
2-DE two-dimensional electrophoresis
ADC analog-to-digital converter
AGC automated gain control
AMT accurate mass and time
APCI atmospheric pressure chemical ionization
BIRD blackbody infrared radiative dissociation
CE capillary electrophoresis
CID collision-induced dissociation
CIEF capillary isoelectric focusing
COFI calibration optimization on fragment ions
CPM continuous profile model
DE delayed extraction
DeCAL deconvolution of Coulombic affected linearity

Table 1. Summary of Analysis Pipelines Used in LC-MS Based Proteomicsa

pipeline IT
TOF/

Q-TOF FTICR
LTQ-FT/

LTQ-Orbitrap
deisotoping/peak

processing algorithms alignment algorithms

AMT71 × × × × THRASH GANET, LCMSWARP
Emili Lab417 × M-N rule pamphlets on peaks 2-D smoothing spline
AMRT424 × MaxEnt, ApexTrac running median type algorithm
SpecArray423 × PepList PepArray
Signal Maps337 × signal-to-noise ratio cutoffs dynamic programming algorithm
XCMS341 × × MEND iterative loss
msInspect338 × × × elution profile and isotopic fitting

(theoetical profile modeled by single
parameter truncated Poisson)

robust linear regression and
iterative high dimensional

a The table summarizes the analysis algorithms related to peak processing and alignment of datasets, and the type of instruments used in recently
published pipelines using mass and elution time information to perform abundance profiling on samples. Pipelines using high-mass-resolution
instruments use routines to deisotope mass spectra from the isotopic envelopes, while pipelines using lower-mass-resolution instruments perform
signal processing on the level of the peaks. The use of alignment algorithms is pervasive across recent pipelines, although the specific method used
varies.
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ECD electron capture dissociation
ESI electrospray ionization
EST expressed sequence tag
ETD electron-transfer dissociation
FDR false discovery rate
FTICR Fourier transform ion cyclotron resonance
fwhm full width at half-maximum
GA genetic linear algorithm
HPLC high-performance LC
IMAC immobilized metal ion chromatography
IRMPD infrared multiphoton dissociation
IT ion trap
LC liquid chromatography
LC-MS/MS liquid chromatography coupled to tandem mass

spectrometry
m/z mass-to-charge ratio
MALDI matrix-assisted laser desorption/ionization
MMA mass measurement accuracy
Mr molecular weight
MS/MS tandem mass spectrometry
MS mass spectrometry
MSn multiple MS stage
NET normalized elution time
oaTOF orthogonal acceleration TOF
PFD prefolding dissociation
pI isoelectric point
PMF peptide mass fingerprinting
ppb part per billion
ppm part per million
PSD postsource decay
PTM post-translational modification
PTR proton-transfer charge reduction
QE quadrupole excitation
Q-TOF quadrupole TOF
RETOF reflectron TOF
rms root-mean-square
S/N signal-to-noise ratio
SCX strong cation exchange chromatography
SIM selected ion monitoring
SORI-CID sustained off-resonance irradiation CID
SWIFT stored waveform inverse Fourier transform
TIC total ion chromatogram
TMA time measurement accuracy
TOF time-of-flight
TQ triple quadrupole
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