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Shotgun proteomics and biomarker discovery
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Abstract. Coupling large-scale sequencing projects with the amino acid sequence information that can be gleaned from tandem
mass spectrometry (MS/MS) has made it much easier to analyze complex mixtures of proteins. The limits of this “shotgun”
approach, in which the protein mixture is proteolytically digested before separation, can be further expanded by separating the
resulting mixture of peptides prior to MS/MS analysis. Both single dimensional high pressure liquid chromatography (LC)
and multidimensional LC (LC/LC) can be directly interfaced with the mass spectrometer to allow for automated collection

of tremendous quantities of data. While there is no single technique that addresses all proteomic challenges, the shotgun
approaches, especially LC/LC-MS/MS-based techniques such as MudPIT (multidimensional protein identification technology),
show advantages over gel-based techniques in speed, sensitivity, scope of analysis, and dynamic range. Advances in the ability
to quantitate differences between samples and to detect for an array of post-translational modifications allow for the discovery of

classes of protein biomarkers that were previously unassailable.
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1. Introduction

Returning to the central dogma of gene function
found in all cell biology texts, most genes are tran-
scribed into RNA that in turn is translated into the pro-
teins which perform the actual function of those genes
within the cell. In eukaryotic cells there are myriad reg-
ulatory mechanisms at each step in this pathway that in
sum control the activity of the protein. Assuming that
it is this activity, or lack thereof, which is associated
with a disease state, it follows that directly measuring
the proteins would provide a rich source for important
biomarkers. In other words, even if there were mu-
tations at the DNA level or changes in the amount of
MRNA expression, these would only be important if
they affected the protein and its activity. In addition,
there are hundreds of examples in which a protein’s
function is controlled by some post-translational mech-
anism such as covalent addition of a phosphate group
or the targeted degredation of the protein.

Even though techniques to study specific aspects of
protein structure and function have been developed and
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refined over the last several decades, most of these have
been limited to the study of individual proteins or at
most small groups of proteins. Genome sequencing
has opened up entirely new realms of possibility. Most
obviously, it provides the basic infrastructure to detect
genetic differences (mutations) which can help to un-
derstand observed phenotypic differences (Genomics
and SNPs). This sequence infrastructure also facili-
tates the measurement of the global transcription pro-
file within a cell using DNA/RNA microarray technolo-
gies. This same genomic sequence infrastructure cou-
pled with advances in analytical techniques has enabled
the emerging field of proteomics.

While precise definitions may vary, in most general
terms, proteomics encompasses a set of techniques that
allows one to more rapidly or more comprehensively
study proteins. Because protein identification is usu-
ally the rate-limiting step in any proteomic strategy,
many of the advances in proteomics have focused on
improving the speed and sensitivity with which pro-
teins can be identified. Two mass spectrometry based
techniques have proven most useful for this task, pep-
tide mass mapping and peptide “sequencing” via tan-
dem mass spectrometry. In order to understand the
scope and possibilities of proteomics, it is important to
first describe these techniques and how they are cou-
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pled with separative strategies allowing the most robust
experiments to be performed for a given sample-type.
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are fragments of the “parent” peptide. Because frag- which proteins are not separated prior to digestion. By
mentation occurs most often between the amide bonds analogy to the “shotgun” DNA sequencing techniques,
along the peptide backbone, the differences in masses shotgun proteomics allows for identification of the pro-
between these “daughter” ions allows the inference of tein components from a mixture using the tandem mass
amino acid sequence. spectrometry based identifications of individual pep-
Besides protein identification, the immense com- tides. In the shotgun proteomics experiment, the prob-
plexity of the proteome poses a challenge of separa- lem of complexity is addressed by separating a pep-
tion. One strategy is to first separate proteins and then tide mixture prior to the data collection using MS/MS
use a distinct analytical step to identify the protein in  (Fig. 1). High pressure liquid chromatography tandem
guestion. This classic combination is probably bestil- mass spectrometry (LC-MS/MS) provides a very ef-
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experiment. For more complete analysis or analysis of
very complex protein mixtures, two-dimensional chro-
matography (LC/LC-MS/MS) strategies such as Mud-
PIT [14,26,27] can be employed.

Despite sometimes strident discussions over which
general method is “the answer” for proteomics, the
current state of the art can be viewed as a continuum.
At one end, proteins are completely separated prior to
identification and at the other, no protein separation is
performed prior to digestion into peptides (Fig. 2). At
the “single protein” end of the spectrum falls the two-
dimensional gel electrophoresis experiment, resolving
proteins for identification by mass mapping. At the far
right “shotgun proteomic” end, would be found LC/LC-
MS/MS experiments such as the MudPIT analysis of
whole cell lysates [26,27] which would prove impos-
sible without the additional amino acid sequence data
provided by tandem spectra.

Even with the intense interest in being able to an-
alyze an entire “proteome”, some of the most impor-
tant experiments fall closer to the center of the spec-
trum. An excellent example of this is in the analysis
of purified multiprotein complexes. These can be an-
alyzed a variety of different ways including: first re-
solving the proteins by single dimensional SDS poly-
acrylamide gel electrophoresis (SDS-PAGE) and then
analyzing them by mass mapping, resolving the pro-
teins by SDS-PAGE and then analyzing them by LC-
MS/MS, or by directly analyzing the protein complexes
by LC-MS/MS or LC/LC-MS/MS (see Fig. 2 for ex-
ample references for each). Thus, it is important to
note that the MS/MS techniques that are essential for

shotgun proteomics can be applied almost across the

entire spectrum. In general these would be used when
dictated by the complexity of the protein mixture, if the
range of protein amounts within the mixture exceeds
the resolving/visualization capacity of gel-based tech-
nigues, or if more specific structural information such
as defining sites of post-translational modifications are
needed. For the remainder of this article, we will focus
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biomarker related proteomic work has used standard
2D-GE based techniques with some more recent work
utilizing protein chip technologies [4,24]. However, a
publication from the proteomics group at Bristol-Myers
Squibb shows the potential for using shotgun pro-
teomics based techniques for biomarker discovery [17].
Their use of several different techniques on the same
types of samples allows a comparison of the results
yielded by these strategies.

They analyzed healthy and diseased urine samples
from an individual who had been diagnosed with an
inflamed pilonidal abcess. Differences in the urine pro-
teomes between the samples were probed for potential
biomarkers using 2D-GE and two shotgun-proteomic
based techniques, LC-MS/MS and LC/LC-MS/MS.
2D-GE allowed the identification of 5 differentially
expressed proteins. With the LC-MS/MS based ap-
proach, they identified 28 proteins in healthy samples
and 23 in the diseased sample, 16 of which were com-
mon between the two experiments. Evenamongstthese
commonly expressed proteins they were able to infer a
rough estimate of relative abundance using a normal-
ization of the average number of peptides identified for
a protein across duplicate experiments. The big ad-
vantages of this experiment over their 2D-GE one was
the speed of the experiment, 36 hours versus approxi-
mately 5 days, and that about one tenth the amount of
protein was needed for the analysis. The added sepa-
rative capacity of the LC/LC-MS/MS based approach
yielded both more protein identifications, 51 and 67
respectively, and more proteins that were unique to the
two samples, 19 and 39. Again even for the 28 proteins
in common between the two experiments, differences
in protein amounts could be inferred by numbers of
peptides identified. While requiring more work and
time than the LC-MS/MS based approach, it was still
significantly less than was required for 2D-GE.

The ability to perform these experiments on very
limited sample amounts was probably the biggest ad-

on aspects of shotgun proteomic-based techniques andvantage of the shotgun-based techniques. This differ-

their potential applications both for answering basic
science questions and for biomarker discovery.

3. Biomarker discovery

The presence of a particular protein in a given dis-

ence could be even more important when screening for
biomarkers from patient samples that are far more lim-
iting than urine or blood. One of the major challenges

of using shotgun proteomics to compare two samples
is that one does not get precise quantitation of the rel-
ative protein amounts. While this group used tech-

niques which were effective for judging rough differ-

ease state not only provides a potential biomarker for ences, several shotgun based techniques are available
that disease, but also could provide some insight into which allow much more precise comparisons between
the basic etiology of that disease. Much of the current two samples.
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Fig. 2. The “single protein” to “shotgun” continuum. Many common experiments in proteomics do not use purely single protein or shotgun
proteomic strategies. The most complex mixtures (far left and far right of the figure) require the maximum separation. From these types of
mixtures one must use two dimensional gel electrophoresis (2D-GE) in order to have a chance of resolving the proteins to single-protein spots
for subsequent identification. To analyze similarly complex mixtures using a shotgun approach, one must utilize a multidimensional separation
strategy (LC/LC) in order to separate and to collect tandem mass spectral (MS/MS) data from the resulting peptides. Less complex mixtures
such as multiprotein complexes afford greater choices of techniques. They can be adequately separated by single dimensional gel electrophoresis
for subsequent identification by MS or MS/MS analysis. Depending on the number of proteins present within the complex being analyzed they
can also be digested and directly analyzed by LC or LC/LC coupled MS/MS analysis. The included references are meant to be illustrative
of how different combinations of these technologies can be used. Tan et al., 2002 used the classic combination of 2D-GE and peptide mass
mapping [22]. For protein complex analysis Gavin et al., 2002 first resolved proteins by 1D-GE and then predominantly identified them by mass
mapping [6]. Ho et al., 2002 while still resolving their purified protein complexes by 1D-GE chose to identify the proteins contained in the bands
by LC-MS/MS [12]. Shotgun analysis of protein complexes can be achieved either through LC-MS/MS [23] or LC/LC-MS/MS [1]. Pang et al.,
2002 showed the widest variety of techniques to their analysis of urine proteins using 2D-GE coupled with MS/MS identifications, LC-MS/MS
analysis, and LC/LC-MS/MS analysis [17].

4. Quantitation Because one cannot include a control peptide for
every possible protein which could be present within a
The challenge to quantitation that proteins/peptides proteomic sample, slightly different strategies must be
pose to mass spectrometry is that different peptides will employed. These involve labeling the proteins in a way
ionize with different efficiencies depending on the pre- in which the peptides from one condition will be stable
cise chemical properties of the polypeptide. Because isotope labeled andin the other conditions they will not.
the effects of these differences are currently impossi- Thus the relative amount of protein can be compared
ble to predict, one cannot infer how much of a given by measuring the ratio of heavy to light versions of a
protein is present just based on the measurement of the particular peptide. While there are a variety of methods
intensity of an ion from that protein. The general an- which are being developed for this, they all fall into
alytical way around the differential ionization problem one of two categories: isotopically labeling all of the
has been to include a known quantity of stable isotope proteins within a cell by growing the cells up in media
labeled control which is otherwise identical to the ex- (usually 15N) that will incorporate that isotope into
perimental compound to be measured. Because ion- all cellular proteins or chemically derevitizing proteins
ization efficiencies will be the same, it is possible to from the samples with isotopic “tags”.
compare very precisely the amount of heavy (control) One method, the isotope coded affinity tag (ICAT) [9—
to light (experimental) of a given compound (Fig. 3). 11], takes advantage of the standard reduction and alky-
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Fig. 3. Quantitation by mass spectrometry. Relative quantitation of peptides and proteins can be achieved using the mass spectrometer’s ability to
resolve isotopically distinct versions of otherwise identical compounds. The relative amount of each compound can be measured by comparing
the signal from “light” and “heavy” versions. For comparisons of relative amounts of proteins between samples, the proteins in each sample
must be made isotopically distinct (see text). After digestion the relative amounts of each protein can be judged by comparing peptides from the
differentially “labeled” proteins.

lation step that precedes most proteomic digestions by cations such as protein phosphorylation to those whose
placing an isotopically differentiated tag on cysteine physiolgical role are almost complete mysteries. Be-
residues within the protein mixture. In addition to iso- cause of this incredible diversity of structure, function
topically labeling the proteins within a sample, the pres- and utilization within the cell, post-translation modifi-
ence of biotin within the tag allows those labeled pep- cations of proteins provide an incredibly rich source of
tides to be further purified using avidin affinity capture. potential disease biomarkers.
Other reagents have been reported [18,25] and it re-  Evenwith agreement that globally surveying all pro-
mains an area of active development (reviewed in [19]). tein post-translational modifications within a cell would
Cagney et al have recently reported another tagging be a good place to look for biomarkers, itis too great of
system in which lysine residues are modified with O- an analytical problem for the current state of technol-
methylisourea to form homoarginine [2]. This modifi- ogy. However, strides are being made. The ability of
cation changes the fragmentation patterns of peptides 2D-GE to resolve different isoforms and modification
during MS/MS fragmentation and the authors propose states proteins has been well documented and allows
that this will be of added benefit for de novo, i.e. with- oneto visualize changes those proteins which are abun-
out relying on database information, determination of dant enough to be observed using the technique [21].
the sequence of these peptides. For relative quantita- However, the standard bottleneck of having to identify
tion purposes, one compares the modified (homoargi- the protein of interest is even more challenging if one
nine) to the same peptide in the unmodified (lysine) has to determine not only the reason for the change in
state. More rigorous validation will have to be done to  protein mobility but also the type and site of the modi-
make certain that the chemical differences do not have fication within the protein. While these determinations
confounding effects on the chromatography and/orion- would not necessarily have to be made if 2D-GE was
ization efficiency of tagged peptides. planned to remain as the diagnostic test, they would be
essential for migrating to more sensitive, robust, and
better established techniques such as ELISA for the
5. Post-translational modifications clinical diagnostic setting.
Returning our focus back to shotgun-based tech-
Clearly not all regulation of protein activity takes niques there are several that could provide the analyti-
place by simply controlling the overall quantity of cal specificity and dynamic range necessary to look for
that protein within the cell. Teleologically speak- post-translational modifications within the proteome.
ing, cells have taken advantage of the over 200 de- The first are similar in principal to the ICAT reagent
scribed post-translation modifications [13] to regulate except that the chemistry is targeted to phosphate-
the activities of their complement of proteins in ways modified serines and threonines [7,8,16,28]. While
that are more subtle and less energetically expensive these techniques show some promise, the extensive
than simply producing or destroying a given protein. front-end chemistry and the fact that they reported rel-
These post-translational modifications vary from the atively few modifications fronin vivo sources of pro-
extremely well understood and broadly utilized modifi-  tein, a single [16] and 12 [28] modified protein(s) re-
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spectively, suggest that optimizations must be made be-
fore they can be applied to biological samples in which
starting material is limited.

A more recent publication utilized an optimized ver-
sion a technique that has been used for some time,
imobilized metal affinity chromatography (IMAC) [3].
They increased the specificity of binding of phospho-
peptides to the IMAC column by first making methyl
esters out of all peptides within the mixture. Using this
technique coupled with LC-MS/MS they were able to
detect phosphopeptides down to sensitivity of 5 fmol.
More importantly, they were able to apply this to a
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nally, the total protein composition of the lens is rela-
tively simple, with most of the protein by mass being
comprised of a relatively small family of proteins. This
technique returned numerous known and previously un-
reported sites of phosphorylation, oxidation, methyla-
tion, and acetylation. 53 proteins returned greater than
40% sequence coverage and some sites of modification
were mapped for most of these.

However, the practical dynamic range of this tech-
nigue remains to be determined. That is, for what
range of protein amounts could one reasonably expect
to characterize most of the sites of modification. Our

yeast whole-cell lyasate and identified 216 phospho- group is currently undertaking a survey of lens tis-
peptides from 171 different proteins. Many of these Sue through development in both healthy and diseased
phosphopeptides were from proteins expressed at very lenses [20] This global post-translatlonal modification

low levels, demonstrating the general applicability of
the protocol.

Our group has been attempting to explore how far
the principle of shotgun proteomics using MudPIT can
be taken for determining sites of post-translation mod-
ification. This more recent work expands on earlier
work [5] in which a multienzyme digestion was used

to increase the percentage of amino acid sequence for

which MS/MS spectra could be collected. In that case
it was used in combination with a modification to the
SEQUEST search algorithm to search for single nu-
cleotide polymorphisms (SNPs) in hemoglobin. Fur-
ther optimizations in the digestion protocol, including
an additional non-specific protease, and in the search
algorithm has made this technique applicable for look-
ing for protein modification from diverse biological
sources [15].

As a proof of principal, modifications were mapped
in a mixture of proteins that co-purified with the
Schizosaccharomyces pombe cell cycle regulatory pro-
tein, cdc2. Both known and previously unreported
modifications were found in cdc2 and in associated pro-
teins [15]. Interestingly, not only were sites of phos-
phorylation mapped, some in cdc13 which had proven
reticent to mapping by standaimvivo labeling based
techniques, but also sites of methylation were found in

data set should provide some insight into the changes
that take place and how these might relate to disease
progression within the lens. Ultimately they may lead
to the discovery of biomarkers, but for them to be use-
ful in any sort of clinical setting, one would need use
different techniques in order to detect them at much
lower levels and requiring much less tissue.

6. Conclusion

Proteomic based biomarker discovery, while incred-
ibly promising because of the potential wealth of pro-
tein biomakers, is still rather a new field. Both the tech-
nologies discussed in this review and many others not
covered here are providing the necessary tools to tap a
previously inaccessible classes of biomarkers. Protein
biomarkers could not only be based on differences in
the levels of specific proteins but also on differences in
their post-translational modification state. 2D-GE and
shotgun techniques such as MudPIT will play a role
in the discovery process as well as other techniques
that are even earlier in development. As these sources
start to produce greater and greater amounts of data,
database management and integration will become key
to the process. The next few years should be an ex-
citing time as more groups begin to apply these pro-

the same experiment. Even more sites and many more y¢omjc techniques on a systematic basis to both isolate

different types of modifications were observed when
the experiment was performed on human lens tissue.
Human lens was a particularly good test-bed for the
technology for several reasons. One is that proteins do
not turn over within the lens, making any techniques
to survey mRNA or protein levels relatively uninfor-

biomarkers and to better understand disease.
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