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Proteomics has progressed radically in the last 5 years and is now on par with most genomic technologies in throughput and com-
prehensiveness. Analyzing peptide mixtures by liquid chromatography coupled to high-resolution mass spectrometry (LC-MS) has
emerged as the main technology for in-depth proteome analysis whereas two-dimensional gel electrophoresis, low-resolution
MALDI, and protein arrays are playing niche roles. MS-based proteomics is rapidly becoming quantitative through both label-free
and stable isotope labeling technologies. The latest generation of mass spectrometers combines extremely high resolving power,
mass accuracy, and very high sequencing speed in routine proteomic applications. Peptide fragmentation is mostly performed in low-
resolution but very sensitive and fast linear ion traps. However, alternative fragmentation methods and high-resolution fragment
analysis are becoming much more practical. Recent advances in computational proteomics are removing the data analysis bottleneck.
Thus, in a few specialized laboratories, “precision proteomics” can now identify and quantify almost all fragmented peptide peaks.

Huge challenges and opportunities remain in technology development for proteomics; thus, this is not “the beginning of the end”

but surely ““the end of the beginning.”

nalysis of individual proteins by

classical methods and by mass

spectrometry (MS) has been an

indispensable cornerstone of
biochemistry for many decades. Large-
scale analysis of the whole protein com-
plement of cells, tissues, and body fluids
(proteomics) would additionally enable
the unbiased comparison of different
cellular states in biology and medicine
at a “systems-wide” level. However,
technological challenges associated with
proteomics have long prevented its
widespread adoption. Two-dimensional
(2D) gel electrophoresis was conceived
more than 30 years ago (1). This tech-
nology has been useful for low-complex-
ity protein mixtures but never matured
into a comprehensive and accurate pro-
teomics technology. The introduction of
high-sensitivity protein identification by
MS at first seemed to help 2D gel analy-
sis, but in fact it revealed that the thou-
sands of spots seen in the gel maps are
actually variants of a few hundred of the
most abundant proteins (2). Recently, it
has also become clear that quantitation
of even these proteins is far from accu-
rate because of spot overlap (3). Ac-
cordingly, “biomarkers” found by these
technologies tend to be the same re-
gardless of the system under
investigation (4).

In principle, protein arrays might be
applicable to proteomics in a similar
way that gene chips have been to the
measurement of RNA. However, the
challenge associated with expressing
thousands of full-length proteins and
immobilizing them in a native state on a
chip is daunting (5, 6). In practice, the
role of protein arrays has been limited,
and the literature contains few examples
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of their successful use. MS technology
with low resolving power, especially in
the form of the so-called SELDI
method (7), caught the imagination of
clinicians a few years ago. This approach
involves measuring a MALDI spectrum
of proteins from the body fluid of a pa-
tient and then employs machine learning
to differentiate disease and healthy
states. However, from a mass-spectro-
metric point of view, SELDI boils down
to simple MALDI spectra of very com-
plex mixtures and would be expected to
only yield a subset of the most abundant
low-mass peptides and protein frag-
ments. Such species could still have
proven sufficient to classify patient sam-
ples. However, as the scientific commu-
nity demanded identification of the
peaks comprising the SELDI patterns,
these usually turned out to belong to the
same nonspecific proteins unlikely to be
directly associated with the disease.

In contrast to the above approaches,
which were discussed as promising pro-
teomics technologies as late as a few
years ago, MS-based proteomics has
taken great strides in development. MS-
based protein science has always been
extremely useful in studies focused on
individual proteins, but large-scale pro-
teomics is increasingly realizing its turn-
of-the-millennium promises, too. In par-
ticular, technological improvements in
the last 5 years have dramatically in-
creased the routine availability of ex-
tremely high-performance MS. In many
but not all cases, these technologies al-
ready existed but could only be applied
in specialized situations by expert labo-
ratories and at low throughput. The
main purpose of this perspective is to
show that MS techniques with high ac-
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curacy can and should now be applied
routinely in most proteomics contexts,
and that there is no penalty for their
use. In fact, we argue that precise and
comprehensive analysis of complex pro-
teomes is best achieved by using high-
resolution proteomics technologies.
There are many other important aspects
of MS-based proteomics that have been
the subjects of recent reviews and that
will not serve as focal points here. For
example, the remarkable inroads of pro-
teomics strategies into the quantitative
analysis of posttranslational modifica-
tions (8), the determination of protein
interactions (9), and the ongoing inte-
gration of MS technology with other
powerful tools of molecular biology (10)
are not discussed here.

The Importance of Being Highly Resolved

The current mainstream format in large-
scale proteomics involves the analysis of
very complex peptide mixtures. In this
“shotgun approach” (11), tens of thou-
sands of peptides with very large dy-
namic range (i.e., the concentration dif-
ference between the most and least
abundant peptides) have to be analyzed
in several chromatographic runs. If
these mixtures are measured with ion
traps or other MS instruments of lower
resolving power, coeluting peptides with
similar m/z ratios frequently overlap.
This precludes accurate mass analysis,
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Fig. 1.

A direct comparison of peptides detected at two different resolving powers. A modest mixture

of peptides was measured on an ion trap instrument at unit resolution (A) vs. on a Fourier transform
instrument at high resolution (B). (/nsets) Expanded spectral regions for two individual peptides, with
Insets at right highlighting an unmodified Lys-C peptide that is 30 residues long. Note that the natural
isotopes mainly due to 3C are clearly resolved at high resolution but not resolved at unit resolution. The
spectra shown were obtained during a chromatographicseparation, and the theoretical masses shown are
for the average (A) and the monoisotopic (B) molecular weight values.

accurate charge state determination,
and accurate quantitation. Fig. 1 shows
a mass spectrometric scan of a relatively
simple peptide mixture at high resolution
and low resolution. From a theoretical
point of view, there is no clear cut-off for
desired mass resolving power, but in our
experience 100,000 [full width at half
height (FWHH)] is both practical and
desirable for complex mixture analysis.
Until a few years ago, proteomics re-
searchers had to choose between 3D ion
traps, with high sequencing speed, high
sensitivity, and very robust performance
but low resolving power (=300) or time-
of-flight (TOF) instruments with higher
resolving power (=~10,000) but less sen-
sitivity and robustness (Fig. 2). The evo-
lution of TOF instruments and even
more so the introduction of hybrid lin-
ear ion trap Fourier-transform (FT)
instruments have now made high-
resolution MS broadly available. This
development has been an unalloyed
boon to proteomics, leading to much
higher quality datasets and dramatically
reduced false positive peptide identifica-
tions. High-resolving-power MS
(>>50,000) has in fact been available in
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FT ion cyclotron resonance (ICR) in-
struments for several decades (12).
However, FT ICR instruments were not
routinely used in proteomics before the
commercial introduction of the LTQ-FT
in 2004 (13). This instrument consists of
a linear ion trap as the front end, which
was itself a great improvement over the
3D ion trap in terms of ion capacity,
scan speed, and mass resolving power
(14). Defined numbers of ions are
pulsed into the FT part of the instru-
ment, which analyzes them at high reso-
lution (=~100,000 at m/z 400 for a 1-s
scan; mass resolving power depends in-
versely on m/z in the FT-ICR instru-
ment). During this time, the linear ion
trap sequences the most prominent ions
determined in the mass spectrum. Sev-
eral years later, the LTQ-Orbitrap was
introduced, in which the FT ICR back-
end of the LTQ-FT with its supercon-
ducting magnet is replaced by an orbi-
trap. This analyzer also uses the FT
principle; however, ions are confined in
purely electric fields and the device is
significantly smaller (15-17). The LTQ-
Orbitrap has proven to be a tremendous
advance for shotgun proteomics, com-
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bining high resolving power, mass accu-
racy, and reliability in a relatively com-
pact form.

Other analyzer configurations include
the hybrid quadrupole TOF instruments.
They achieve medium mass resolving
power and good mass accuracy. In prin-
ciple, they can be much faster than scan-
ning instruments, but so far they are in
practice slower and less sensitive than
the LTQ-Orbitrap. In one innovative
approach, a quadrupole TOF instrument
is used without peptide ion selection to
fragment all precursor ions at once (18).
Product and precursor ions are then
correlated by chromatographic elution
time. One potential limitation of this
approach is the limited dynamic range
in the fragmentation mode, because
highly abundant and low-abundance
peptides are fragmented together. A
multiplexed approach to fragmentation
has also been performed in a linear ion
trap (19).

The triple quadrupole was the classic
analyzer at the beginning of protein MS.
The “triple quad” is currently experienc-
ing a renaissance for a specific use in
proteomics because it allows the moni-
toring of targeted peptide masses and
fragment combinations in an experiment
called multiple reaction monitoring
(MRM). In MRM, the triple quadrupole
constantly monitors specific, prepro-
grammed fragmentation reactions, lead-
ing to high quantitative accuracy of tar-
geted peptides. Even in very complex
mixtures, the MRM experiment quanti-
fies many peptides per LC injection by
using the abundance of one or more of
its fragment ions, and makes use of the
large dynamic range of triple quadru-
poles (20).

MALDI is used predominantly in sin-
gle gel band or gel spot analysis but can
also be coupled to LC separation via a
spotting plate. Peptide mass fingerprints
are generally not accepted as sufficient
evidence for protein identification any-
more, making fragmentation capability a
near prerequisite of MALDI instru-
ments for proteomics, especially when
working in eukaryotic systems. Current
MALDI/TOF instruments have medium
mass resolving power (<15,000) for both
intact MS and fragmentation spectra
acquired on the tandem TOF/TOF in-
struments (21), except for the combina-
tion of MALDI with the LTQ-Orbitrap.

How Accurate Is Accurate Enough?

Surprisingly, the need for or even the
desirability of high mass accuracy in
proteomics has not been universally ac-
knowledged (22, 23). However, the mea-
sured peptide mass acts as a filter that
directly reduces the number of potential
false positive assignments. With good
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Improving Mass Accuracy in Proteomics

Better certainty of protein identifications
Ability to detect polymorphisms, post-translational modifications

Low Resolution
1-0.1 Da accuracy

lonTraps , Quadrupoles,
triple quadrupoles

Medium Resolution

High-Resolution

0.1-0.01 Da accuracy

Time-of-Flight,*
hybrids with quadrupoles

0.01-0.001 Da accuracy

FTICR MS,
FT-Orbitraps,
hybrids with ion traps

Fig. 2.

Overview of the impact that improving mass accuracy has in contemporary proteomics (Upper)

along with various flavors of MS instruments and their approximate mass accuracy for tryptic peptides
(Lower). The asterisk indicates that the latest models of TOF instruments are approaching the lower end

of the resolution range of FTMS instruments.

scoring, higher mass accuracy propor-
tionately increases certainty of identifi-
cation, a concept that applies to intact
peptides as well as their fragmentation
products (vide infra). By using the new
wave of LTQ-FT hybrids, obtaining low
parts-per-million (ppm) numbers for
intact peptides on a chromatographic
time scale is now routine, with software
that fully utilizes this accuracy now
catching up with the intrinsic capabilities
of the hardware. This is a huge advance
compared with 3D ion trap measure-
ments with mass uncertainty of several
daltons, which corresponds to several
thousand ppm. Intact peptides measured
with accurate FTMS approaches by us-
ing either electrospray or MALDI have
been shown to identify proteins in bac-
terial systems with an “accurate mass
tag” approach to peptide mapping (24).
However, the mass by itself, even when
combined with the elution time, is nor-
mally not considered sufficient evidence
for identification of the peptide. It is far
more common to use ion trap-FT hy-
brids in a mode where mass spectra of
the eluting peptides (i.e., “survey spec-
tra” or MS! spectra) are acquired at FT
resolution and the MS? (MS/MS) spec-
tra are acquired at unit-resolution in the
ion trap (Fig. 34).

How good should mass accuracy be-
come? This question was answered in
small-molecule MS a long time ago: it
should be accurate enough to provide a
unique chemical composition. Interest-
ingly, recent high-resolution and high-
accuracy proteomics studies have come
within an order of magnitude of this
goal, which requires a maximum mass
deviation of ~100 ppb for small tryptic
peptides (23, 25). Grauman et al. (26)
achieved ~300 ppb as the average abso-
lute mass deviation in a large-scale
study of stem cells. For some of the
smaller tryptic peptides, this already
specifies the chemical composition. For

larger tryptic peptides or those pro-
duced by more restrictive proteases
(Figs. 1 and 3B), even higher mass accu-
racy is needed. However, the “database
congestion” for larger peptides (>2
kDa) eases somewhat to often rule out
all but one peptide sequence given the
measured mass, at least for unmodified
peptides. Model experiments have al-
ready indicated the potential for low
ppb accuracy (27). Measurements
around 30 ppb may soon become rou-
tine for well defined peaks. This would
represent the advent of “quantized
masses,” and would be a milestone
achievement for MS-based proteomics.
Note that even perfect mass accuracy
does not prevent misidentification of
related peptide sequences that differ by
amino acid exchanges but leave the
chemical composition unchanged (28).
Importantly, peptide mass accuracy
should be determined individually for
each peptide to avoid degrading a high-
accuracy instrument into a low-accuracy
instrument in the process of database
searching (23, 25).

Sequencing All Peptides: The Need
for Speed

Ideally, all peptides visible to the mass
spectrometer at its dynamic range
should also be fragmented. This is still
not the case, despite the subsecond frag-
mentation cycles of modern ion traps
and TOF instruments (29), limiting
comprehensiveness of analysis. It also
causes part of the irreproducibility asso-
ciated with shotgun proteomics because
different subgroups of peptides are
“picked for sequencing” in different LC-
MS/MS analyses of the same sample.
Furthermore, the acquisition software
controlling the mass spectrometer does
not exclusively target every eluting pep-
tide for fragmentation once and only
once. Instead, abundant peptides are
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fragmented multiple times, and low-level
signals may never be targeted.

Currently, even the fastest mass spec-
trometers are incapable of comprehen-
sively targeting each peptide signal for
fragmentation. Replicate runs, especially
with “exclusion lists” that prevent se-
quencing of previously fragmented pep-
tides, partially alleviate this problem,
albeit at the expense of measurement
time. A combination of faster sequenc-
ing speed and more intelligent distribu-
tion of the available sequencing capacity
should soon be able to target the great
majority of peptides seen in shotgun
experiments at the current dynamic
range. Often, the peptides of interest
are a small subgroup of all peptides. If
these peptides can be targeted, the cur-
rent sequencing speeds are already suffi-
cient. This is enabled by duplicate analy-
sis or—more elegantly—by the recently
introduced “RePlay” technology. In Re-
Play, a part of the chromatographic ef-
fluent is split into a delay line allowing
repeat analysis of the sample without de-
creasing signal levels or requiring addi-
tional sample material (30).

A Question of Sensitivity (and

Dynamic Range)

Currently, peptide MS can achieve sen-
sitivity in the attomole range and some-
times even below. Although ultimate
sensitivity is important, dynamic range is
even more crucial because many practi-
cal applications involve ample supplies
of sample, but high-abundance proteins
limit what can be observed with the
given dynamic range of detection. For
peptide detection in complex mixtures,
this is currently in the range of 103 to
10* The dynamic range of protein de-
tection is somewhat larger because dif-
ferent peptides from the same proteins
have vastly different ionization efficien-
cies (31); therefore, very well detected
peptides from low-abundance proteins
sometimes make these low-level proteins
detectable. The dynamic range needed
to obtain a complete proteome has not
yet been achieved for eukaryotic cells. A
reasonable proteome coverage—ap-
proaching the coverage of DNA mi-
croarrays—is possible but presently only
when combined with extensive fraction-
ation of the proteome at the protein or
peptide levels (32). As other areas of
MS-based proteomics move closer to the
desired performance, dynamic range in
the mass spectrometer is clearly becom-
ing the limiting factor. At least an order
of magnitude improvement would be
highly desirable, and two orders of mag-
nitude (to 10°) would be a major leap
forward in proteomics technology. This
would, for example, allow the identifica-
tion of many posttranslationally modi-
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Fragmentation spectra for peptides interrogated by using two different workflows. (A) Frag-

mentation spectrum of a tryptic peptide recorded on a mainstream workflow in contemporary proteom-
ics. Specifically, the intact peptides (not shown) are recorded at high resolution in a FT instrument, and the
tandem mass spectrum (MS/MS) of a single tryptic peptide is recorded on a lower-resolution but faster
linear quadrupole ion trap (LTQ) instrument during a LC-MS run. (B) Fragmentation spectrum recorded on
a developmental workflow where fragment ions produced during MS/MS are recorded at FT resolution
and <2 ppm mass accuracy. The high mass accuracy translates to high confidence in database retrieval,
even when searching a complex database that includes modifications, polymorphisms, and alternative
splicing. The high-resolution MS/MS data shown for a phosphopeptide in B was recorded on a Fourier-
transform (LTQ FT) instrument during LC/MS/MS analysis of an endoproteinase Lys-C digestion of human
cell line extract. The phosphorylation was stable through the standard MS/MS fragmentation process; it
was readily detected and localized because it had been previously reported in the literature and actually
stored in the database searched. (The actual phosphopeptide shown is the 230-257 segment from a
Ras-GTPase activating protein, NCBI accession no. Q13283.)

fied peptides without specific enrich-
ment—which in turn would enable the
estimation of the stoichiometry of the
modification, generally not possible for
peptide-driven proteomics. Such addi-
tional dynamic range for peptide detection
would increase the required speed for col-
lecting fragmentation spectra by at least
an order of magnitude. Alternatively,
smarter mass spectrometers could direct
their sequencing capacity toward peaks of
particular interest (e.g., those indicating
interesting abundance differences).

Accuracy in Protein Quantitation: The
End of One-Size-Fits-All

One of the most important themes in
current proteomics is the move toward
quantitation (33). For almost all applica-
tions, proteomes need to be compared
with each other—typically after one pro-
teome is stimulated or otherwise per-
turbed with respect to the control pro-
teome. As a half-way measure toward
realizing true quantitation, “spectral
counting” is currently widely applied
(34-36). This concept relies on the
aforementioned observation that pep-
tides are targeted repeatedly for frag-
mentation by the mass spectrometer.
The larger the number of detected pep-
tides per protein and the more often
they are fragmented, the more abundant
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the protein. A related concept, the “ex-
ponentially modified abundance index”
(emPATI), divides the observed proteins
by the observable peptides for each pro-
tein (i.e., peptides in the correct mass
range for MS) (37) and does not depend
on repeated targeting of the same pep-
tide. These schemes are only an approx-
imation to true quantitation, especially
for low-abundance proteins with few
peptides, for which differences become
stochastic. This type of “label-free quan-
titation” separately quantifies the signal
for each protein and compares these
signals across separate experiments. It
crucially depends on high mass resolving
power and high mass accuracy, because
peptides must not overlap in the mass
spectra and the correct peptides must be
matched to each other across experi-
ments. If experimental conditions and
purification procedures can be well con-
trolled, label-free quantitation is an at-
tractive strategy, because it requires no
additional sample-preparation steps.
More precise quantitation can be
achieved through the use of stable iso-
topes, introduced either chemically after
sample collection or metabolically dur-
ing cell or organismal growth. In chemi-
cal labeling, reactive groups are targeted
with a reagent provided in either light
or heavy isotope form. This has the ad-
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Fig. 4. Quantitative determination of a single
peptide expression ratio (A), with a representation
of thousands of such measurements (B) in a large-
scale study of how embryonic stem cells differen-
tiate. Two proteomes were mixed 1:1, and 4,668
proteins with at least three quantitation data
points are plotted as a function of fold-change and
summed peptide intensities (B). Excellent quanti-
tation accuracy is observed with almost all proteins
within 50% of ratio one. Significance of fold
change is calculated by protein abundance. Data
are from Graumann et al. (26). The quantitative
distribution is narrower at 106 than at 107 because
there are very few proteins in this abundance class,
and these occupy the most probable states close to
ratio one.

vantage of being applicable to any pro-
tein source, and the original concept of
comparing two proteomes has been mul-
tiplexed up to four or even eight. Disad-
vantages include chemical side-reactions
and quantitation errors arising from sep-
arate processing of case and control
proteomes. In metabolic labeling, divid-
ing cells incorporate the label into their
entire proteome. Of the two most com-
mon forms, >N labeling is usually used
for microorganisms or small metazoan
(38, 39) whereas stable isotope labeling
in cell culture (SILAC) is mostly used
for mammalian cells (40, 41). SILAC
labels one or two specific amino acids,
making peptide pairs easy to identify by
virtue of their known mass differences.
In conjunction with high-resolution MS,
SILAC quantitation of protein-expres-
sion ratios can be very accurate even in
high-throughput experiments (Fig. 4).
How accurate should MS-based quan-
titation be? Obviously, the more accu-
rate the better; however, as in microar-
ray experiments, biological replicates are
often required, and these will introduce
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Conceptual model for the ongoing development of MS-based proteomics. Along with improving

hardware, smarter software at run time and embedding known information on protein variation into

database searching are all trends for the future.

errors of their own. As a rule of thumb,
MS-based proteomics should strive to be
accurate within a 1.3- to 2-fold change,
which is a cut-off often chosen for bio-
logical significance. Obviously, this de-
pends on the experiment—for instance,
a 2-fold accuracy is not sufficient for
some biomarkers. Furthermore, more
abundant proteins have more quantifi-
able peptides, and precision of quantita-
tion is higher than for low-abundance
proteins with few peptides. Thus, quan-
titation software should determine the
significance of an observed fold-change
in the context of absolute protein abun-
dance.

Winds of Change: High-Resolution
Tandem Mass Spectrometry

A few laboratories have started to ac-
quire large-scale MS/MS data in addi-
tion to MS data with the ultrahigh mass
accuracy afforded by FTMS (42, 43).
This simple switch in collecting both
intact MS and MS/MS fragmentation
data in the FTMS has not been com-
pared directly with the more widespread
mode of “FT/ion trap” data acquisi-
tion—or with TOF instruments. Fig. 3
offers a glimpse at the current tradeoffs
between sensitivity (speed) and resolv-
ing power. It is clear that the ion trap is
faster for MS? data acquisition but can
lead to many recorded spectra without
confident peptide identifications. In a
technique called “higher energy dissoci-
ation,” ions are fragmented in the inter-
mediate “C-trap” between linear ion
trap and orbitrap (44). This dissociation
mode does not have a low mass cut-off
and fragments are analyzed at high reso-
lution in the orbitrap. Another fragmen-
tation method, electron transfer dissoci-
ation (ETD) (45)—a relative of electron

capture dissociation (ECD) (46)—pro-
vides a fragmentation pattern complemen-
tary to the normal ion trap dissociation
and has also now been coupled to high-
resolution “read out” in the orbitrap.

The great virtue of high-resolution
tandem mass spectra is the orders-of-
magnitude better specificity for search-
ing databases (Fig. 3B), even those con-
taining known modifications (vide infra).
Software is increasingly able to harness
the high-resolution fragmentation data
now generated by using “bottom-up”
(tryptic digestion) or “top-down” (intact
protein) strategies. The use of accurate
mass MS/MS data will allow better er-
ror-tolerant searching, more reliable de-
termination of diverse modifications,
and reliable “multiplexing” of identifica-
tions (i.e., identifying more than one
peptide in a MS/MS spectrum). Better
determination and tracking of MS! pep-
tide masses are also needed to capture
the full information content of complex
LC-MS/MS analyses in the context of
large-scale proteome projects. Thus, top-
down and proteolysis-driven approaches
using high resolution, coupled with im-
proving software for data acquisition
and processing, are ongoing trends for
evolution of the field (see Fig. 5).

Sequencing Larger Peptides and
Top-Down Proteomics

Driven by interest in detecting combina-
tions of posttranslational modifications
and improving instrumentation (16, 47),
momentum is building to increase the
size of peptides or small proteins ana-
lyzed by LC-MS/MS. This “middle-
down” concept combines aspects of both
top-down and bottom-up strategies and
can be as simple as changing the pro-
tease from trypsin to Lys-C or Glu-C
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(e.g., Fig. 3 A vs. B). Here, peptides
longer than ~20 residues (48, 49) or
large endogenous peptides (42) are
sought for analysis to increase the se-
quence coverage provided by each suc-
cessfully identified peptide.

The accurate mass MS/MS approach
has been mostly associated with the rise
of top-down MS. Given that intact pro-
teins tend to have lower ion signals vs.
the best responding small peptides, the
combination of custom FTMS instru-
ments with intact protein fragmentation
was a good temporal match. With the
speed and sensitivity of FTMS improv-
ing significantly in past years, top-down
LC-MS/MS has recently become possi-
ble on complex mixtures of yeast (50)
and human proteins (51). For top-down
MS/MS, identification of 20-30 proteins
ranging from 5-40 kDa during a single
LC-MS/MS run is now possible using
commercial instrumentation (50). The
performance gap between the top-down
approach and the bottom-up approach
(which is able to identify many hundreds
of unique peptides in a single LC/MS
injection) will take some time to close.
However, because the top-down ap-
proach does not involve proteolysis, the
proteome is not obfuscated by the cre-
ation of exceedingly complicated peptide
mixtures.

Computational Proteomics: The Move
Toward Posttranslational Modifications

Although well over a decade has passed
since the first demonstration of auto-
mated protein identification by database
retrieval, many laboratories still encoun-
ter a bottleneck with this component of
modern proteomics. No one search algo-
rithm dominates. In fact, an entire Janu-
ary 2008 issue of the Journal of Pro-
teome Research was dedicated to
statistical and computational proteom-
ics, with leading laboratories often hav-
ing significant internal expertise.
Recently, a move to include known
protein variation within databases has
begun. Predicted in 2001 (52) and 2003
(53), large bioinformatic efforts are un-
derway, including UniProt, which has
established a hierarchical ontology for
posttranslational modifications called
“UniMOD,” based largely on the
RESID database (54). Newer databases
including HPRD [now called Proteope-
dia (55)] are also becoming available.
However, incorporation of this knowl-
edge into MS search engines is far less
developed. Recently, cSNPs have been
put into databases embedded within
mass spectral search engines (56, 57).
Some time ago, SONAR demonstrated
identification of peptides that spanned
exon—exon boundaries. Thousands of
posttranslational modifications, polymor-
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phisms, and alternative splicing patterns
become known yearly. Software meant
for primary searching of mass spectral

data should be aware of such variations,
and with each passing year this becomes
a better approach toward comprehensive

proteomics in model eukaryotes. As

mass spectrometers become increasingly

capable of acquiring MS data at low- to
sub-ppm accuracy, appropriate software
is maturing to capture the value of such
data to interrogate eukaryotic pro-
teins—in all of their complexity—with
improved certainty (Fig. 5, bottom).
High mass accuracy allows much
more variability of proteins (vide supra)
to be “locked down” during database

searches (56). Current-generation FTMS

instruments can record fragmentation
data with better than 5 ppm mass accu-

ment to support error-tolerant proteom-
ics based on resolved isotopic distribu-
tions for 3- to 40-kDa fragment ions,
and uses a candidate expansion ap-
proach in a preconstructed database to
expose known proteomic information
for primary database searches (58).
Such databases mimic the diversity of
real proteomes by housing combinations
of known protein information (from
parsed Swiss-Prot flat-files), including
posttranslational modifications, alterna-
tive splice forms, endogenous peptide
cleavages, and polymorphisms.

Summary and Outlook

High-resolution measurements are be-
coming not only feasible but also neces-
sary for confident, contemporary pro-
teomics. Despite seemingly higher

racy routinely. This performance is ade-
quate for searching complex databases
containing modifications, polymor-
phisms, and their combinations. In high-

complexity and cost, precision proteom-
ics can avoid errors that may otherwise
lead to years of misdirected work. Deci-

resolution MS/MS measurements, the

sive progress has been made in peptide
identification, although continued

central issue is no longer mass measure-

progress on mass accuracy, peptide se-

ment accuracy but rather detecting a
high number of fragment ions (Fig. 3B)
at the speed and sensitivity similar to
that of ion traps (Fig. 34). ProSight is

quencing speed, and identification/scor-
ing algorithms is still necessary. Dy-
namic range of measurement would
greatly benefit from at least an order of

the first high-throughput search environ-
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quantitation should move toward label
free or stable isotope formats. A huge
challenge will be to “roll out” the level
of performance achieved in a few lead-
ing laboratories on a much broader
scale. However, given the accelerating
pace of the last few years, precision pro-
teomics—deriving from core advances
in mass spectrometry—will contribute to
an overall increase in the efficiency of
moving biological science forward. This
reflects a general thread throughout this
special issue of PNAS, which captures
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acquisition of new knowledge about the
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