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Abstract Proteomics has become an important component of biological and
clinical research. Numerous proteomics methods have been developed to identify
and quantify the proteins present in biological and clinical samples (Gerber et al.,
Proc Natl Acad Sci U S A 100:6940-6945, 2003; Ong et al., Methods 29:124—130,
2003). Differences among cell types or treatment groups have been used to identify
cellular functions and pathways affected by disease or perturbations (Wright et al.,
Genome Biol 5:R4, 2003; Durr et al., Nat Biotechnol 22:985-992, 2004), new
components and changes in the composition of protein complexes and organelles
(Andersen et al., Nature 426:570-574, 2003; Blagoev et al., Nat Biotechnol
21:315-318, 2003; Ranish et al., Nat Genet 36:707-713, 2004), and putative dis-
ease biomarkers (Marko-Varga et al., ] Proteome Res 4:1200-1212, 2005). Despite
widespread success, the application of these approaches to discovery of relevant
protein markers from clinical samples has been hampered by sample complexity
and variability. To begin to broach this challenge, complex experimental protocols
for enrichment, separation, and quantification have been developed for selective
or comprehensive proteome analysis. In this chapter, we describe techniques for
enrichment, separation, quantification, fundamentals of mass spectrometry, and
the computational analysis of data generated by these processes within the context
of using these approaches for asking and answering biologically and clinically
important questions.
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7.1 Introduction

Proteomics has become an important component of biological and clinical research.
Numerous proteomics methods have been developed to identify and quantify the
proteins present in biological and clinical samples (Gerber et al. 2003; Ong et al.
2003). Differences among cell types or treatment groups have been used to identify
cellular functions and pathways affected by disease or perturbations (Wright et al.
2003; Durr et al. 2004), new components and changes in the composition of protein
complexes and organelles (Andersen et al. 2003; Blagoev et al. 2003; Ranish et al.
2004), and putative disease biomarkers (Marko-Varga et al. 2005). Despite widespread
success, the application of these approaches to discovery of relevant protein markers
from clinical samples has been hampered by sample complexity and variability. To
begin to broach this challenge, complex experimental protocols for enrichment, sepa-
ration, and quantification have been developed for selective or comprehensive pro-
teome analysis. In this chapter, we describe techniques for enrichment, separation,
quantification, fundamentals of mass spectrometry, and the computational analysis of
data generated by these processes within the context of using these approaches for
asking and answering biologically and clinically important questions.

Generally, we can define proteomics as the systematic study of the many and
diverse properties of the proteins in a system with the aim of providing detailed
descriptions of the structure, function, and control of biological systems in health
and disease. Advances in methods and technologies have catalyzed an expansion of
the scope of biological studies from the reductionist biochemical analysis of single
proteins to proteome-wide measurements. Proteomics, like other high-throughput
“discovery” approaches, such as genomic sequencing, microarray analysis, and
metabolite profiling, has been catalyzed by mapping and sequencing of the com-
plete genomes of many species. Through the sequencing of a genome, we are able
to generate an approximate estimate the scale of the proteome. However, it is critical
to recognize that the proteome is fundamentally different in nature than the genome.
The proteome is significantly more complex than the genome as multiple protein
isoforms can be synthesized from a single gene and as proteins have greater chemi-
cal diversity (due to post-translational modifications (glycosylation, methylation,
proteolytic cleavage, etc.). Proteins are found over a wide dynamic range of con-
centration (10® per cell to 10'? in biological fluids) (Anderson and Anderson 2002).
In addition, the genome is relatively static over the lifespan of an organism, whereas
the proteome is highly dynamic, changing on rapid timescales in response to both
environmental and chemical perturbations to the system.

Over the years, mass spectrometry has become the method of choice for proteomic
analysis. This technology has enabled us to characterize complex mixtures and probe
for detailed information about individual proteins (e.g., covalent structures and post-
translational modifications). A variety of proteomics applications exist, including the
study of protein—protein interactions via affinity-based isolations on a small and
proteome-wide scale, the mapping of numerous organelles, the concurrent descrip-
tion of the genome and proteome of small organisms (e.g., tuberculosis and malaria),
and the generation of differential quantitative protein profiles of diverse species.
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The ability of mass spectrometry to identify and, increasingly, to precisely quantify
thousands of proteins from complex samples can be expected to broadly impact
biology and medicine. Furthermore, proteomics has become an integral part in the
emerging field of systems biology.

The essence of systems biology approaches pre-supposes that for any given
system, the space of possible biomolecules and their organization into pathways
and processes is large but finite. Consequently, the biological systems operating in
an organism can be described comprehensively if a sufficient density of observa-
tions on all of the elements that constitute the system can be obtained. Proteomics
is a particularly rich source of biological information because proteins are involved
in almost all biological activities and they also have diverse properties, which col-
lectively contribute greatly to our understanding of biological systems.

A standard proteomics process has three main components: (1) sample preparation,
(2) mass spectrometric analysis, (3) data analysis and interpretation. In this chapter
we initially describe these three aspects of the process. We conclude by describing
specific examples of proteomics applications, including protein-protein interaction
characterization, protein post-translational modification characterization, and quan-
titative differential analyses (both unbiased and targeted). In the interest of space
we do not specifically describe the cannon of techniques for extraction of a sample
from a patient or from in vitro experiments. Instead, we focus on the techniques for
sample generation using metabolic labeling, used in quantitative proteomics, and
on the downstream analysis once a protein mixture has been obtained.

7.2 Sample Preparation

7.2.1 Proteome Analysis Challenged by the Large
Concentration Range

Evaluation of the human proteome provides opportunities to improve disease diag-
nosis and therapeutic monitoring. However, before these goals are realized, chal-
lenges must be overcome. For example, the human plasma proteome has inherent
properties that complicate analysis by mass spectrometry. It contains a densely
concentrated number of proteins and has a large dynamic concentration range of
proteins that exceeds 10 orders of magnitude (Anderson and Anderson 2002). This
large dynamic range is further complicated as a large fraction of the proteins are
albumin (55%) and glycoproteins. In addition, it contains subsets of proteins from
other tissues. Regardless of these challenges, human plasma can be analyzed.
Advantages include abundance and ease of collection in the clinic.

The massive complexity of the plasma proteome requires that it be divided by
fractionation into manageable smaller parts prior to analysis by currently available
analytical methods. Although the physiochemical properties of proteins offer scien-
tists a rich basis for many separation techniques (Table 7.1), protein solubility is
considered the bottleneck problem in fractionation. To solubilize proteins, detergents
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are often used; the choice of detergent often puts limits on the types of fractionation
that can be used. Sample recovery and reproducibility are of great importance. Several
methods of protein fractionation are discussed in the following section. The most com-
mon paradigm in proteomics, “bottom-up” proteomics, operates on peptide fragments
of proteins. These peptides are typically generated by digestion of a protein mixture
with a protease (e.g., trypsin). The fractionation methods below can be applied either
on protein mixture prior to digestion, or on peptide mixtures following digestion.

7.2.2 Fractionation Using Chromatographic Techniques

In general, for chromatographic separations, proteins interact with a solid phase and
are then released into a liquid phase and recovered (Fig. 7.1). In general, chromatographic

Gradient

Fig. 7.1 Schematic diagram of the general process of chromatography. First, proteins are loaded
on the column, where they interact with the solid phase. Second, proteins are released gradually
by a gradient to be recovered into the liquid phase separated into different fractions
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methods offer reproducible separation with high recovery of proteins as compared
to electrophoresis techniques. Based on protein separation parameters, chromato-
graphic techniques are categorized as follows:

7.2.2.1 Gel Filtration

The gel filtration process separates proteins based on size. In this method, the
proteins travel through a column with a solid phase made of permeable beads.
Large proteins cannot enter the pores of the beads; they pass around the beads and
travel a shorter distance than smaller proteins to elute first. Smaller proteins pene-
trate the pores and pass through the beads, resulting in retardation of migration
through the column. In gel filtration, proteins elute in the order of decreasing size.
Although this technique offers good recovery and reproducibility, it suffers from
low resolution as compared to other procedures.

7.2.2.2 Ton Exchange Chromatography

On ion exchange resin, proteins are separated based on their electrical charge.
Proteins bind to the solid phase ion exchange resin through electrostatic interac-
tions between charges on the proteins and of the opposite charges on the resin. The
mobile phase used for loading the proteins onto the column is electrically neutral,
so no interference with protein binding is introduced. Proteins are eluted as the
ionic strength of the mobile phase is increased; this increases the competition for
binding of proteins to the solid phase and proteins are eluted in order of affinity for
the ionic resin. Less commonly, the pH of the solution can be adjusted such that the
charge on either the proteins or the solid phase is altered to dislodge the analytes.
Although the ion exchange procedure is limited by protein solubility, it offers
higher resolution separation than gel filtration. For instance, charged detergents
cannot be used in binding solution when applying this technique, but neutral ones
offer a great advantage in solubilizing proteins. In addition, native or denatured
proteins can be separated in the presence or absence of non-interfering detergents.
A limitation of this technique is that a multicharge difference is required between
species for good resolution, rendering it unpractical for post-translational modifica-
tion studies. However, it is still considered a very powerful and useful tool for
protein fractionation. This approach has been refined for efficient peptide separa-
tion by the use of strong ion exchange chromatography (Burke et al. 1989).

7.2.2.3 Chromatofocusing
Another valuable technique is chromatofocusing, a variant of ion exchange

chromatography. In this technique, fractionation is based on the protein’s isoelec-
tric point (PI). The binding and elution of proteins is controlled solely by the pH of
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the mobile phase. In anion chromatofocusing, binding is achieved at high pH and
elution is accomplished by introducing a pH gradient. As the pH on the column is
decreased, the positive charge on the proteins becomes more pronounced, the nega-
tive charge of the column becomes weaker and proteins are dislodged. The opposite
process is followed for cation chromatofocusing. As the proteins are dissociated
from the top of the column due to the change in pH, they re-bind at a lower region
where the pH is still favorable. This process is repeated until the proteins reach the
bottom of the column and elute in a very concentrated volume; this leads to greater
resolution than is obtained on ion exchange. Like ion-exchange, protein solubility
poses a challenge to the chromatofocusing process. However, unlike ion-exchange,
this technique can be used to distinguish post-translational modifications to pro-
teins, since even a single modification can lead to a different P/.

7.2.2.4 Reversed Phase Chromatography

Hydrophobicity is another parameter used in protein fractionation. The most com-
mon technique in this class is high-performance liquid chromatography (HPLC), a
special type of reversed phase chromatography. In general, a non-polar stationary
phase and an aqueous, moderately polar mobile phase are employed. Proteins that
are non-polar have a longer retention time, whereas polar molecules elute quickly.
By increasing the non-polar character of the mobile phase, adsorbed proteins are
eluted. For proteomic studies, the proteins from whole cell lysates or biological
fluids are denatured prior to fractionation.

7.2.2.5 Metal Chelate Chromatography

Proteins can also be fractionated by metal chelate chromatography, in which a
metal ion is affixed to the solid phase via an immobilized iminodiacetic acid resin.
All metal binding compounds are attracted to this surface; elution is carried out
using solutions containing competing molecules such as immidazole or by varying
the pH. For proteomic studies, this method is commonly applied for enrichment.
For example, immobilized metal affinity chromatography (IMAC) can be used to
extract phospho-proteins/peptides from complex mixtures (Porath 1992). In this
approach, the phospho-peptides are captured by a trivalent cation complex and then
eluted by either high pH or a phosphate buffer. To minimize non-specific binding
from peptides rich in carboxylate groups, tryptic peptides are converted to methyl
esters using methanolic HCI prior to enrichment (Ficarro et al. 2002).

7.2.2.6 Affinity Chromatography

A variety of proteins can be selectively captured by a matrix immobilized ligand.
The ligand—protein complex is then destabilized by salts or by competition through
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another ligand-binding entity. Although, this technique has been applied successfully
to fractionation, it is used also for complex sample depletion of abundant proteins
to reduce mixture complexity. For example, this strategy has been utilized in pro-
teomic studies of serum/plasma and other body fluids to enhance the detection of
low abundance proteins and achieve broader proteome coverage. In human plasma,
there are 22 most abundant proteins responsible for ~99% of the total protein mass
and these proteins mask the detection of hundreds of thousands of other proteins
(Anderson and Anderson 2002).

In addition, affinity chromatography is used for enrichment of glycoproteins and
glycopeptides. One method of glyco-capture is the use of lectin affinity chromatog-
raphy (Cummings and Kornfeld 1982; Hirabayashi 2004). In this method,
N-glycoproteins are captured through their binding to immobilized concanavalin A
(Con A) (Bunkenborg et al. 2004; Fan et al. 2004). This method has been refined
by combining Con A with wheat germ agglutinin (WGA) for the capture
O-glycopeptides/proteins (Bunkenborg et al. 2004; Yang and Hancock 2004).
Enrichment of glycoproteins or peptides can be achieved by other approaches dis-
cussed above. For example, size exclusion chromatography is utilized since most
tryptic glycopeptides in a complex mixture have a relatively high mass (Alvarez-
Manilla et al. 2006). Hydrophilicity of the glycan moiety is also utilized for enrich-
ment through the hydrophilic interaction with a carbohydrate-based matrices (Wada
et al. 2004).

7.2.3 Fractionation by Gel Electrophoresis

This type of protein separation exploits the size and charge or isoelectric point of
proteins as parameters for separation. The proteins are driven through the gel
matrix by an electric current. The most common method that uses size and charge
as parameters for separation is the sodium dodecyl sulfate (SDS) electrophoresis.
In general, the matrix is made up of acrylamide crosslinked to produce differently
sized porous networks. Initially, proteins are uniformly charged with SDS (1.4 g
SDS/g protein) (Reynolds and Tanford 1970). This SDS—protein coupling pre-
vents aggregation, as all proteins are highly negatively charged, and produces a
uniform charge to mass ratio for all proteins such that separation occurs based
solely on size. Denatured proteins are loaded in wells in the gel and when the
electric current is on they move toward the anode. Gels are usually sectioned into
two steps to achieve better resolution. In the first step (stacking), proteins are
concentrated by an isotachophoresis process. In the second step, proteins are sepa-
rated based on their ability to navigate the matrix and recovered by excision for
MS analysis. One disadvantage of SDS electrophoresis is its inability to separate
post-translationally modified proteins. Another drawback is that some proteins,
including glycoproteins and very basic proteins, have poor detergent binding.
Also, the high pH conditions of electrophoresis may remove or introduce some
post-translational modifications. BAC-SDS was developed by Macfarlane et al. to
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avoid alteration of post-translational modifications. The first dimension of BAC-
SDS is a cationic detergent based electrophoresis and the second dimension is
SDS-based.

Isoelectric focusing (IEF) uses the isoelectric point of proteins as a separation
parameter. In IEF, separation is achieved by placing proteins in a pH gradient
and driving movement by an electric current. Once proteins reach their isoelectric
point zone, their charge becomes zero and they cease movement. Similar to
chromatofocusing discussed above, this technique provides high resolution,
even when proteins differ slightly (as little as 0.1 pH unit in their P/). This
makes IEF a very useful tool for separating proteins and their post-translation-
ally modified forms. Isoelectric focusing is widely used in proteomics in a
stepwise combination with SDS-PAGE resulting in a two-dimensional electro-
phoresis (2DE). First, proteins are fractionated using IEF and next are resolved
on SDS-PAGE gels. Although gel-based separation techniques have been
widely used, they suffer major drawbacks, including poor reproducibility and
low protein recovery.

Given the specificity and restrictions of each of the above mentioned meth-
ods, scientists often use a combination of these techniques to achieve separations
that can be used for proteomics studies. Routinely, proteomists combine these
techniques in a stepwise fashion. Also liquid chromatography (of peptides) has
been coupled directly to tandem MS in a further attempt to achieve additional
resolution.

7.2.4 Quantitative Proteomics

Although, mass spectrometry has been a very successful tool for studying pro-
teins in complex mixtures, these studies have been so far dominated by qualita-
tive results (Fig. 7.2). To complement this, proteomics researchers have developed
two approaches to attain quantitative proteomic information. In general, a rough
approximation of relative protein amounts between two samples can be extracted
by comparison of the same peptide signals derived from samples prepared under
different conditions. Alternatively, a predictable mass difference can be artifi-
cially introduced to more accurately accomplish quantitation. In order to prevent
spectral overlap, incorporation of stable isotope labels should result in at least a
3 Da mass shift. These labels can be added using chemical “post-biosynthetic” or
metabolic “pre-biosynthetic” approaches. The addition of the label allows for
mixing of samples originating under different conditions for simultaneous analy-
sis. When samples are mixed early in the workflow, less bias is introduced during
sample processing, resulting in high reproducibility (Fig. 7.3). Therefore, meth-
ods that incorporate the stable isotope label at the protein level have higher repro-
ducibility than those that introduce it at the peptide level. Different isotopic
labeling techniques will be discussed in the following section.
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Fig. 7.2 Schematic depiction of identification and quantification of a proteome by mass spec-
trometry. Because of the limitations of current technology, only a fraction of the proteome can be
identified, whereas a subset of that can be quantified

7.2.4.1 Pre-biosynthetic Labeling

In vivo labeling takes advantage of cell metabolism to effectively incorporate a stable
isotope into proteins via the process of translation during cell growth and division.
There are two approaches, the less practical is global labeling of proteins by growing
cells by in ""N-supplemented cell culture medium (Gygi et al. 1999). Although
in vivo N metabolic protein labeling of C. elegans, Drosophila melanogaster
(Krijgsveld et al. 2003), rat (Wu et al. 2004), and plants (Gruhler et al. 2005) is
feasible, it is not widely applied because it is time consuming and very expensive.
The most popular approach is the stable isotope labeling with amino acids in cell
culture (SILAC) (Ong et al. 2002). In general, the stable isotope is incorporated by
supplementing the cell growth medium with *C -arginine and "*C -lysine. A second
set of cells are grown in a label free environment. This approach guarantees that the
resultant peptides from the tryptic cleavage of a protein do not overlap in the MS
spectrum, excluding its C-terminus, since they contain no less than one labeled
amino acid per peptide (heavy) with a constant mass increase of 6 Da as compared
to the non-labeled corresponding peptides (light). The two cell populations are
pooled, lysed, and proteins are isolated, denatured, reduced, and digested. The
peptides are then quantified by MS. Protein identification is determined from either
the “heavy” or the “light” peptide by MS, while relative quantitation is achieved by
taking the ratios of the intensities of the two isotopes of the specific peptide in the
MS spectrum. The advantage of SILAC over full metabolic protein labeling by "N
lies in more straightforward data analysis since the labels in SILAC are specifically
incorporated, defined, and not peptide-sequence dependent. SILAC is widely used
for metabolic labeling of higher eukaryotic cells. Near complete incorporation of
labels occurs after six doubling of cells grown in SILAC media (Ong et al. 2002).
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Fig. 7.3 Schematic diagram of the quantitative proteomics workflow. Tubes in blue and orange
depict the two experimental conditions. The intersections of curved horizontal lines represent
when samples are combined. Shaded areas represent different points of the experimental proce-
dure and also where sample bias can be introduced if samples have not yet been combined

Although many cell lines can be labeled easily using SILAC, others are not. For
instance, certain cell lines readily form proline from excess arginine, which can be
alleviated by supplementing limited amount of arginine to the medium (Chelius
et al. 2003). Some cell lines do not grow well in SILAC media and therefore cannot
be labeled with this technique. Another limitation to the SILAC technology is the
limited availability of useful isotopically labeled amino acids. As a consequence, in
a single experiment only up to three conditions can be compared. For instance, the
unlabeled sample can be compared to samples with °C,, °C,, and "N, labels. One
of the main advantages of SILAC specifically and metabolic labeling in general its
reliable accuracy in quantitative MS-based methods due to early labeling and
sample mixing. As a result, metabolic labeling is extremely useful for measurement
of small variations in protein levels as well as post-translational modifications
(Blagoev et al. 2004; Olsen et al. 2006; Park et al. 2006).
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7.2.4.2 Post-biosynthetic Labeling

Isotopic labeling of extracted proteins and peptides can also be carried out in vitro
either chemically or enzymatically. A stable isotope label can be incorporated into
peptides enzymatically either during proteolytic digestion or in a separate step after
proteolysis. Hence, enzymatic labeling can be very specific. For example, two 80O
isotope labels can be incorporated into the C-termini of peptides by either trypsin-
or Glu-C during protein digestion (Yao et al. 2001; Reynolds et al. 2002). This
results in a 4 Da (2 Da/'®0) mass shift that can be utilized for isotopomer discrimi-
nation. Other enzymes such as Lys-N introduce only one 8O isotope and this mass
difference cannot be detected in the spectrum (Rao et al. 2005). Since isotope labels
can be lost at high pH (Schnolzer et al. 1996), electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI) MS, which operate at moder-
ate pH values, are utilized for these experiments. Another drawback of enzymatic
labeling is that incorporation of isotopes is rarely complete and peptides are often
differentially labeled, which can lead to tricky data interpretation (Johnson and
Muddiman 2004; Ramos-Fernandez et al. 2007).

The chemical labeling approach mainly utilizes stable isotope-carrying chemical
reagents to target active sites on peptides or proteins. The main targets for these
reagents are the side chains of lysine and cysteine; therefore, this approach is not as
specific as enzymatic labeling. The isotope-coded affinity tag (ICAT) was developed
by Aebersold and co-workers (Gygi et al. 1999). The ICAT reagent targets and modi-
fies cysteine residues and links them to a biotin tag by a polyether region, which
contains either eight (heavy) or no (light) deuteriums. The biotin tag is used for affin-
ity purification and recovery of the labeled peptides. The ICAT experiment is per-
formed on two isolated populations of proteins that are reduced and tagged with light
and heavy ICAT reagents. The proteins are then pooled and digested and the tagged
peptides are recovered by affinity chromatography and quantified by MS.

ICAT-generated samples are less complex than those obtained from other chemical
approaches since only cysteine, a rare amino acid, is labeled and thus analysis of
complex samples is feasible. However, this also means that proteins with one or no
cysteines are not detectable. In addition, the large tag effect on the fragmentation
spectra and eluting time during reverse phase chromatography between lights and
heavies are troublesome. These limitations have been overcome by recent technol-
ogy advances, such as replacing the linker with one that is cleavable (Hansen et al.
2003; Li et al. 2003; Oda et al. 2003). A similar method makes use of a 2-thiopyri-
dyl disulfide group to react with cysteines, a deuterium-labeled alanine, a His -tag
for affinity purification, and a tryptic cleavage site to limit the size of the tag (Olsen
et al. 2004). ICAT and similar methods are valuable tools for a host of expansive,
human plasma, or targeted analyses.

Chemical labeling can also be achieved by a group of reagents that modify the
N-terminus of the peptide as well as the epsilon-amino group of lysine residues.
The most common and specific reagents are the N-hydroxysuccinimide (NHS) and
other active esters and acid anhydrides. This group includes isotope tags for relative
and absolute quantification (iTRAQ) (Ross et al. 2004), the isotope-coded protein
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label (ICPL) (Schmidt et al. 2005), tandem mass tags (TMT) (Thompson et al.
2003), and acetic/succinic anhydride (Glocker et al. 1994; Ji et al. 2000; Che and
Fricker 2002; Zhang et al. 2002). Less commonly employed reagents are isocya-
nates, isothiocyanates (Mason and Liebler 2003; Lee et al. 2004), and formalde-
hyde methylation of lysine residues followed by reduction by cyanoborohydride
(Hsu et al. 2003; Ji et al. 2005; Hsu et al. 2006).

In these chemical labeling methods, labeled and unlabeled peptides are mixed
and then quantification is performed by using the ratio of the MS signal intensities
of the different isotopes or reporter ions. One advantage of the abovementioned
methods is the use of isobaric tagging of peptides (Thompson et al. 2003). This
results in peptides that co-elute during liquid chromatography, leading to reduced
variability. The different tags are then distinguished by the mass spectrometer after
fragmentation occurs. For instance, in single MS mode the same peptides with dif-
ferent labels are identical in mass. However, in tandem MS mode, where the pep-
tides are fragmented, each tag generates a unique reporter ion. Protein quantitation
is then achieved by taking the ratio the intensities of the reporter ions relative to
each others in the MS spectra. This approach allows the simultaneous determina-
tion of both identity and relative abundance of peptide pairs in MS. The main
advantage of the iTRAQ reagent (Ross et al. 2004) is that it allows multiple quan-
titation of up to eight samples at the same time thereby reducing the amount of
mass spectrometry time needed for analysis.

Another type of chemical isotopic labeling targets the carboxylic acids in
proteins. The C-termini of proteins as well as glutamate and aspartate are esteri-
fied by deuterated alcohols (David et al. 2001; Syka et al. 2004b). This approach
has proven useful in quantitative studies of phosphorylated peptides, since it
reduces the cross-reaction with ion metal chelate affinity chromatography
(IMAC) mentioned earlier (Salomon et al. 2003). Also B-elimination of phos-
phoric acid followed by Michael addition is used for quantitation studies of
phosphorylated peptides (Goshe et al. 2001, 2002; Qian et al. 2003; Tao et al.
2005). Quantitative studies of glycosylated peptides are achieved by the usage
of hydrazide-based reactions, in which the carbohydrate is replaced by an isoto-
pically labeled tag (Zhang et al. 2003).

All chemical labeling methods can be applied to proteins as well peptides. For
example, labeling of the N-termini and lysine side chains of proteins has been
applied using iTRAQ and ICPL. An advantage of labeling at the protein level is the
minimization of bias introduced at later steps, since sample combination can be
achieved early in the process. However, there is a drawback to protein labeling:
Trypsin cannot cleave modified lysine residues, resulting in lower identification
coverage due to presence of long peptides.

7.2.4.3 The Absolute Quantification Strategy

The absolute quantification of proteins (AQUA) strategy (Gerber et al. 2003)
is accomplished by adding modified peptides to a sample as internal standards.
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These peptides can contain stable isotopes and can be synthesized with covalent
attachments to mimic protein posttranslational modifications such as phosphoryla-
tion, methylation, and acetylation. Data analysis is performed by comparing the
signal from the synthetic peptide to the native peptide in the MS spectrum. The
AQUA approach is limited to the quantitation of only a small subset of any sample,
but it is still very useful if the aim of the study is focused on one or few proteins.
For example, Gerber et al. (2003) measured the cell cycle-dependent modification
of the human separase protein. To alleviate the limitations of AQUA, a de novo
gene design was developed to express artificial proteins that are concatemers of
tryptic Q peptides (QCAT) (Beynon et al. 2005). This strategy increases coverage,
reduces bias, and provides better accuracy due to the introduction of the peptides
early in the process. This strategy was applied successfully in the absolute quanti-
fication of the components of the eI[F2B—elIF2 protein complex (Kito et al. 2007).

A limitation to the AQUA and similar strategies is underscored by the inherently
narrow dynamic detection range of present mass spectrometry, which is com-
pounded by the complexity of the tryptic digests of entire proteomes. The amount
of labeled standard that must be spiked into the sample is rather difficult to deter-
mine since proteins of interest can be expressed differentially under diverse conditions.
Also the specificity of the added standards is potentially problematic if they result
in multiple isobaric peptides. The use of a very clever strategy called multiple reac-
tion monitoring (MRM) can alleviate both of these limitations (Kirkpatrick et al.
2005). In an MRM experiment, a triple quadrupole mass spectrometer is employed
to facilitate two stages of mass filtering. The intact ionized peptide is preselected
and fragmented and then a small number of resultant sequence-specific fragment
ions are mass analyzed. This targeted MS analysis using MRM improves specificity
in peptide assignments, expands the quantitation scale, and enhances the detection
limit for peptides by up to 100-fold (Wolf-Yadlin et al. 2007). Also the choice of
tryptic peptides to be used can be assisted by use of a platform that predicts the
most likely protein fragments to be observed, hence facilitating the choice of standard
peptides (Mallick et al. 2007).

7.2.4.4 Label-Free Quantification

Proteomic quantification can also be achieved without artificially labeling parts of
the sample. There exist two approaches to accomplish this label-free quantification:
extraction of peptide ion intensities (Bondarenko et al. 2002; Chelius and
Bondarenko 2002; Chelius et al. 2003; Wang et al. 2003; Li et al. 2005) and spectral
counting (Gao et al. 2003; Liu et al. 2004). The first approach is based on compar-
ing integrated areas under the curve of extracted peptide ion intensities (Higgs et al.
2005). The accuracy of this method is limited by the mass accuracy and reproduc-
ibility of the mass spectrometer. To achieve high accuracy, one should minimize the
signal overlap by utilizing a high mass accuracy spectrometer. Also, utilization of
LC alignment software can optimize the chromatographic profile of peptides
(Bylund et al. 2002; Strittmatter et al. 2003; Jaitly et al. 2006; Wang et al. 2007) in
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turn enhancing reproducibility. These types of experiments require an immense
amount of time; therefore, a compromise has to be made between identification and
quantitation. As a consequence, better quantification accuracy is achieved at the
expense of coverage and vice versa.

An alternative is the spectral counting approach, which depends on wide data
acquisition for both identification and quantitation. The spectral count approach is
relatively new and relates the number of mass spectra identified for a protein to the
protein’s abundance (Gao et al. 2003; Liu et al. 2004; Gilchrist et al. 2006).
Therefore, a direct comparison of two or more runs will allow the relative quantifi-
cation of the protein of interest. To achieve better accuracy and reliable quantita-
tion, an exponentially modified protein abundance index (emPAI) (Ishihama et al.
2005) is utilized, which is proportional to concentration of proteins in a sample. In
addition, better quantitation is achieved through use of computational tools that
select peptides in advance for detection by the mass spectrometer (Craig et al. 2005;
Tang et al. 2006; Lu et al. 2007; Mallick et al. 2007). The minimum number of
spectral counts required to see a significant change was determined by Old et al.
(2005); they observed that the relationship is not linear, but rather exponential.
They concluded that four spectra were sufficient to see threefold protein changes,
but up to fifteen spectra were needed to observe a twofold change. They also
showed that the spectral counting method yields reliable results as compared with
extraction of peptide ion intensities, but both methods are less sensitive than isoto-
pic labeling (Old et al. 2005). Although this approach has a great benefit high-
lighted by the simultaneous protein identification and quantitation, it suffers a
major drawback. Quantitation is greatly dependent on the quality of MS/MS pep-
tide identification, since errors in peptide identification can lead to inaccurate pro-
tein quantitation (Li et al. 2003; Olsen et al. 2006). Although both label-free
methods have their advantages and can be applied for global quantitation studies,
both require extensive platform setup. Hence only a handful of labs are able to take
advantage of these methods.

7.3 Mass Spectrometric Analysis

As noted above, technological advances over the last 20 years have made mass
spectrometry the tool of choice for proteomics researchers. In the late 1980s mass
spectrometry of biological samples was improved by two novel ionization tech-
niques, MALDI and ESI (Fig. 7.4). After that, the field further developed with
advances in sample preparation, instrumentation, and sample analysis algorithms;
all of which will be discussed in this section. In general, a mass spectrometer is
used to answer two questions about a biological sample: “What is in the sample?”
and “How much is in the sample?”” Our goal with the following section is to provide
insight into how mass spectrometers function so as to improve understanding of the
resulting values of identity and quantity that are critical to modeling biological
systems. As noted above, the most common proteomics paradigm uses mass
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MALDI ESI

Fig. 7.4 Schematic of ionization methods. In MALDI, a sample is co-crystalized in a matrix solu-
tion atop a target plate. The prepared sample may then be irradiated with a laser, resulting in a
vapor phase, then accelerated away from the source due to a high potential applied to the source.
In ESI, a sample dissolved in solution passes through a highly charged needle and then passes to
the inlet of the mass spectrometer, sometimes with the aid of nitrogen gas

spectrometry on polypeptide fragments of proteins as produced by digestion of a
protein mixture with trypsin.

Fundamentally, mass spectrometers measure the molecular mass of a polypep-
tide and additional structural information, such as amino acid sequence or post-
translational modifications, can be inferred. In its most basic structure, a mass
spectrometer has three functions: (1) ionization, the production of gas-phase ions
from the sample; (2) mass analysis, the separation of gas-phase ions according to
their mass-to-charge (m/z) ratio; and (3) detection of separated ions. Initially the
production of gas-phase ions proved difficult for biological samples due to
“excessive” fragmentation until the advent of MALDI and ESI. These two “soft
ionization” methods made it possible to generate ions from intact biomolecules.

7.3.1 Ionization

7.3.1.1 MALDI

MALDI takes advantage of lasers and matrix material to generate charged ions.
Protein samples are dissolved in a matrix solution (typical compounds used are
a-cyano-4-hydroxycinnamic acid or dihydrobenzoic acid). Samples in submicroli-
ter to microliter volumes are allowed to dry on a metal substrate. After drying,
samples are irradiated with nanosecond laser pulses. The matrices that dissolve the
samples differ in energy necessary to desorb from surface. The matrix also affects
the amount of fragmentation the samples undergo. The energy necessary to desorb
is inversely correlated with ion stability. Methods have been developed to increase
the stability of peptides in the ionization process, for example, the addition of
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nitrocellulose increases the representation of peptides (Jensen et al. 1997).
o-Cyano-4-hydroxycinnamic acid matrix solutions generally lead to highest sensi-
tivity in MALDI for biological samples.

7.3.1.2 ESI

In ESI, samples remain in liquid form and the analytes are pumped at submicroliter
to microliter per minute flow rates through a needle that is under high voltage. This
voltage electrostatically disperses the sample into droplets that evaporate into
charged vapor droplets. A sheath gas is used to aid in the transfer of the vapor into
the mass spectrometer. This technique has the advantage of being gentler on poly-
peptides than MALDI. It can also be used in tandem with liquid chromatography.
To be analyzed by ESI-MS, molecules must have sufficient polarity to allow attach-
ment of a charge. The signal strength, which is essentially the peak height in the
spectrum, increases linearly with the analyte concentration over a wide range until
saturation occurs. There does not seem to be an upper mass limit to analysis by
ESI-MS. Large ions, like proteins, are typically and are therefore in the range of
mass-to-charge (m/z) ratios of typical mass spectrometers. The distribution of
charges gives rise to a multiple charge envelope but spectra can be simplified by
deconvolution, an algorithm that sums up the signal intensity into a single peak at
the molecular weight of the analyte. Very complex mixtures can be analyzed by
ESI-MS, but the spectra become increasingly difficult to interpret with increasing
molecular weight and numbers of compounds.

Each ionization technique has advantages. ESI may be coupled to liquid chro-
matography systems. The investigator may use various gradients and separation
techniques (e.g., C18 columns) to separate peptides prior to ionization to enhance
the resolving power of the mass spectrometer. However, unlike the MALDI ioniza-
tion set-up, the investigator may not go back to source (re-gain the sample) in order
to look at it again. For ESI, the entire experiment would have to be re-run with a
comparable sample. In MALDI, the samples are usually added to the matrix in
spots on the target and the laser usually only irradiates a small area of that spot.
Therefore, the investigator can analyze the same sample again and again. This has
the advantage of increasing the mass accuracy and confidence in the data.

Electrospray ionization is the most common form of ionization coupled to
Fourier transform mass spectroscopy (FTMS) and has the advantage of being con-
figured with a nanospray source. Typical specifications for a nanospray set-up
include flow rates on the order of 250 nL/min and sensitivity in the femtomolar
range. Using an LC coupled to the mass spectrometer, the investigator can run a
number of experiments in-line with the instrument. Complex mixtures (e.g., serum)
can be separated on a column based on protein chemistry prior to ESI-MS analysis.
Additionally, in some cases, samples may be fractionated into n numbers of frac-
tions prior to MS analysis using the techniques described above. Each fraction can
then further be separated on a column in-line with the instrument resulting in lower
complexity fractions and therefore more proteins/peptides identified.
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7.3.2 Mass Analyzers

The function of the mass analyzer is to separate ions based on their mass-to-charge
ratio. A number of types are available and will be discussed in this section
(Fig. 7.5).

7.3.2.1 Quadrupole Mass Analyzer

The most commonly used mass analyzer is the quadrupole mass analyzer which is
often referred to as a mass filter. This analyzer has four adjacent metallic rods that
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Fig. 7.5 Schematic of common mass analyzers. The TOF mass analyzer has a reflectron at the
end to correct for shifts in flight times. The lon Trap is used to perform MS/MS, can be used in
tandem, and is often connected to ESI. Of the instruments available it has a low mass accuracy
and resolution. Quadrupole mass filters can operate in tandem; in the triple quadrupole, the ion
activation often occurs in the second quadrupole. LIT is similar to the quadrupole; it has endcaps
(with DC potentials) to allow ion trapping along the long axis. The Orbitrap is another relative of
the ion trap except with resolution and mass accuracy comparable to FT-ICR. F7-ICR mass spec-
trometers provide the highest resolution and mass accuracy of mass spectrometers available
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are connected pair wise; each pair is set to a positive or a negative electrical potential.
A combination of direct current (DC) and radio frequency (rf) voltages are applied
between the rods in order to move the ions through the quadrupole. Depending on
voltage, only ions of a given m/z value travel along the analyzer to the detector, while
other ions collide with rods and are lost. By scanning the DC and RF voltages, while
keeping the ratio constant, ions with different m:/z ratios pass through to the analyzer
successively so that a wide m/z range may be scanned (March 1997; Schuchardt and
Sickmann 2007). With this design, ions may be “trapped” in a defined volume (i.e.,
ion trap) or drift downstream into other cells, such as other quadrupoles (tandem
mass spectrometry will be discussed further below).

7.3.2.2 Time of Flight

The time of flight (TOF) mass spectrometer has a simple design: The ions are
accelerated across a “field-free-drift region” of the flight tube and the velocity of
the ions in the analyzer tube is dependent on their m/z values. The typical set-up has
the ions traveling through a flight tube and then reflected at the end to a detector by
an ion mirror called a reflectron (Karas and Hillenkamp 1988). This set-up is pre-
ferred because the alternative, the linear tube design, has relatively poor mass reso-
lution. The reflector at the end of the flight tube is used to correct for initial energy
differences; it corrects for the error in flight times by focusing the ions with the
same m/z in space and time before they hit the detector. With the reflectron TOF,
resolution up to 25,000 is easily achieved. MALDI ionization is often combined
with time-of-flight (TOF) analyzers.

7.3.2.3 Ion Trap

In ion trap analyzers the ions are trapped in a cell for a certain time interval and
then subjected to MS or MS/MS analysis. These ions are trapped using electric
fields and limit for the amount of ions trapped is based on their space charge
(Louris et al. 1987). The maximum number of ions is just below the number that
distorts the applied field. The ions are then subjected to another electric field that
ejects ions from the trap, resulting in a mass spectrum. For MS/MS, the unwanted
ions are ejected first then the ions of interest are fragmented further and analyzed.
Ion trap mass analyzers provide fast scanning rates, sensitivity, flexibility, and
robustness and have the advantage of relatively low cost.

Ion traps have two primary designs. One is the quadrupole ion trap (QIT) and
the second is the linear, or 2D, ion trap (LIT). The QIT is structurally a quadrupole
analyzer that uses a combination of the rf and DC voltages to select ions of a par-
ticular m/z, but ions are trapped in the three dimensions of the cell. By ramping up
the rf voltages, the QIT moves the ions out of the trap to the detector and the
spectrum is scanned. These ion traps are ideal for MS/MS experiments, since the
trapped ions may be excited via collision-induced dissociation (CID) to generate
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the fragment (or MS/MS) spectrum. The linear ion trap is similar to the QIT, except
that there are additional DC potentials to allow ions to be trapped along the long
axis of the quadrupole. lons are ejected either radially (as in the Thermo-LTQ) or
axially (as in the ABI/Sciex Q-Trap) through a series of ramping protocols (Khalsa-
Moyers and McDonald 2006). The primary advantage of QIT over LIT is that QIT
has a greater trapping volume and therefore analyzes more ions per cycle. This
improves the sensitivity and dynamic range of the ion trap.

7.3.2.4 TIon Cyclotron Resonance

One of the most powerful mass spectrometers on the market is the Fourier trans-
form ion cyclotron resonance (ICR) mass spectrometer (FT-ICR or FTMS). The
FT-ICR is a trapping mass spectrometer that captures ions under high vacuum in a high
magnetic field. ICR was developed by Comisarow and Marshall in 1974 (Comisarow
and Marshall 1974). In the ICR, ions travel forward and rotationally through the mass
spectrometer (similar to a corkscrew motion) under high vacuum and within a mag-
netic field. The applied field resonates with the ions and as their “cyclotron” path is
widened the rotational speed is measured in order to determine the ion size. The
FT-ICR mass spectrometer was a breakthrough in resolving power and mass accuracy
(Senko et al. 1997; Domon and Aebersold 2006). The FT-ICR provides high quality
data and allows the detection of more signals than do instruments of lower resolving
power. The development of a hybrid FI-ICR instrument with an external LIT device
allows parallel full mass spectrum (MS1) and tandem mass spectrum (MS2) acquisi-
tion (not sequential); the high-quality MS1 data can be used for quantification. The
system is limited by a relatively slow acquisition rate (several s per cycle).

7.3.2.5 Orbitrap

Orbitraps are similar to ICR mass spectrometers, except that rather than using a
magnetic field, an electric field is used (Makarov 2000; Hardman and Makarov
2003). The Orbitrap radially traps ions about a central spindle electrode. The outer
barrel-like electrode is coaxial with the inner spindle-like electrode and mass/charge
values are measured from the frequency of harmonic ion oscillations of the orbitally
trapped ions. Ton frequencies are measured non-destructively by acquisition of time-
domain image current transients (Makarov 2000; Schuchardt and Sickmann 2007).
In simpler terms, instead of measuring the ions’ rotational frequencies, the transla-
tional motion along the long axis of the Orbitrap cell is measured. The Orbitrap
provides high resolution (up to 150,000) and high mass accuracy (2-5 ppm)
(Hardman and Makarov 2003; Hu et al. 2005). Even though, the FT-ICR provides
better resolution and mass accuracy, the Orbitrap is an attractive alternative for most
users and applications because there is no need for liquid helium or liquid nitrogen,
as there is with the large superconducting magnet in the ICR. Similar to other mass
analyzers, it may be combined with either MALDI or ESI sources.
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7.3.3 Using a Mass Spectrometer to ldentify Species
in a Mixture

Given that tandem mass spectrometry is so powerful, how exactly is it used to
identify ions and assign them to peptides? How is sequencing done in a mass spec-
trometer? Here we describe the process of sequencing using the mass spectrometer
(Fig. 7.6).

7.3.3.1 Collision-Induced Dissociation

In the CID experiment, precursor ions are isolated and subjected to a neutral target
gas. The gas collides with the precursor ions passing-on kinetic energy to the ions
(Sleno and Volmer 2004). Multiple collisions increase the internal energy of the
ions, resulting in fragmentation of the peptide backbone primarily at the amide
bonds (Sleno and Volmer 2004). This results in b and y ions (Fig. 7.7). In CID, both
low and high energies are used to fragment the ions. Low-energy collisions are used
in ion trap and quadrupole instruments. This low-energy fragmentation results in a,
b, y, and immonium ions, and ions from the neutral loss of ammonia. In the high-
energy CID, the ions observed are d, v, w, and immonium ions. For mass spectrom-
eters such as triple quadrupoles, ion traps, or TOF instruments, ions are isolated and
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Fig. 7.6 Schematic of the different types of tandem mass spectrometry experiments, including the
triple quadrupole experiments. Both Full Scan MS mode and SIM are examples of experiments
using single quadrapole mode. Full Scan mode is a simple scan of all the ions from the ion source.
In SIM mode, an ion is selected in the first quadrupole and then scanned. In Product Ion Mode, a
precursor ion is selected in Q1, then activated in Q2 (collision induced dissociation region), and
then scanned in Q3. The MRM mode may be a series of experiments that first select precursor ions
and then filter the resulting fragment ions post Q2. The experiment may be set up to look for
multiple resulting fragment ions in Q3
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Fig. 7.7 Peptide fragment ion nomenclature. Resultant ions from cleavage of bonds along the
peptide backbone. Typically b- and y-ions result from CID whereas c- and z-ions result from
ECD

fragmented in a collision cell. In tandem mass spectrometers, such as QQTOF, ions
enter the first quadrupole, ions of interest are then sent to the second quadrupole
and the cell is filled with target gas. The resultant fragments are then sent down-
stream to a TOF detector.

7.3.3.2 Electron Capture Dissociation

Electron capture dissociation (ECD) was first introduced by Zubarev et al. (Zubarev
et al. 1998, 2000). For ECD, a low-energy electron beam (<0.2 eV) generated by a
heated filament electron gun is used for activation (Zubarev et al. 1998; Cooper
et al. 2002). The positively charged precursor ions capture the electron leading to
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neutralization and backbone fragmentation. Backbone cleavage usually occurs at
the N—Ca. bond yielding primarily ¢ and z ions (Zubarev et al. 1998). ECD prefer-
entially cleaves disulfide bonds but leaves other post-translational modifications
intact (Zubarev 2004). ECD is an available option on most FT-ICR instruments and
has been used to characterize post-translational modifications such as O-linked
glycosylation, methionine oxidation, and phosphorylation (Bakhtiar and Guan
2005; Zhang et al. 2005b).

7.3.3.3 Electron Transfer Dissociation

The ECD activation method is not amenable to use in ion trap instruments.
However, an analogous ion-ion method called electron transfer dissociation (ETD),
where ion—ion reactions occur between singly charged anions and multiply charged
peptide cations, was developed by Hunts and colleagues (Syka et al. 2004a). The
electron source in ETD is a chemical ionization. The anions are introduced into the
trap via an anion beam controlled by RF gating voltages. The anions interact with
the multiply charged peptides resulting in a proton transfer without dissociation and
in electron transfer with or without dissociation. Proton transfer results in charge
reduction, whereas dissociation leads to c- and z-fragmentation, quite similar to
what is observed in ECD (McLafferty et al. 2001).

7.3.3.4 Infrared Multiphoton Dissociation

Infrared multiphoton dissociation (IRMPD) is a slow heating dissociation method
involving non-resonant ion activation and subsequent dissociation via photon
absorption (Khalsa-Moyers and McDonald 2006). This method was historically
used for small molecule analysis, but IRMPD has recently been applied to protein
analysis (Shukla and Futrell 2000; Sleno and Volmer 2004). In the IRMPD experi-
ment a low-powered CO, laser is used to activate ions. This laser is useful for
analyzing phospho-peptides, because the phosphate preferentially absorbs at this
wavelength. Since IRMPD is a low-energy ionization, it shows similar fragmenta-
tion patterns to CID (Zhang et al. 2005b).

7.4 Data Analysis

7.4.1 Identification

Peptide sequencing and identifying the peptides being fragmented in the mass
spectrum is key to mass spectrometry and proteomics. How these fragmented ions
are identified can be organized into three main categories: (a) database searching,
similar to spectral library searching, where peptide sequences are identified based
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on theoretical spectra predicted for that sequence or based on spectra from previous
experiments; (b) de novo sequencing, where peptide sequences are read out directly
from fragment ion spectra; and (c) hybrid techniques, where short stretches of the
peptides are sequenced then the rest of the spectrum is searched through databases.
For a comprehensive review of the publicly available tools for MS/MS-based
proteomics, see (Nesvizhskii et al. 2007).

Peptide mass fingerprinting (PMF) is considered one of the fastest methods for
identifying proteins recovered after gel electrophoresis or other isolation methods
that provide samples containing one or two proteins. In PMF, the protein of interest
is isolated from a gel and digested with a proteolytic enzyme (e.g., trypsin which
selectively cleaves the protein at lysines and arginines) (James et al. 1993; Mann
et al. 1993; Pappin et al. 1993). The mass spectrum obtained from a MALDI-TOFF
is then searched against the masses from a known protein/peptide databases. This
method has the advantage of speed, it is much faster than the labor intensive
de novo sequencing, however it is only effective if the protein in question has actu-
ally been sequenced and is in the database.

In database searching, the spectrum of a protein is scored against theoretical
fragmentation patterns constructed for peptides found in the searched databases. The
peptides queried are restricted to investigator specified criteria (e.g., proteolytic
enzyme and post-translational modifications allowed). Once a spectrum is matched
against spectra from the database, a list of ranked peptides (scored according to the
parameters set by investigator) is returned. Discerning a true match from a false
match is critical in proteomic data analysis. The higher the score the more confident
the investigator is that the peptide is a positive match. There are a number of scoring
schemes: spectral correlation functions (e.g., SEQUEST) (Eng et al. 1994), shared
fragment counts and dot products (e.g., TANDEM, OMSSA, MASCOTT) (Perkins
et al. 1999; Craig and Beavis 2004; Geer et al. 2004), empirically observed rules
(e.g., Spectrum Mill), and fragmentation frequencies (e.g., PHENYX) (Colinge
et al. 2003). These scores can be converted into an expectation value (E value),
which is the expected number of peptides with scores equal to or better than
observed score under the assumption that peptides are matching the experimental
spectrum by random chance (e.g., OMSAA, TANDEM and MASCQOT).

Despite success of database and spectral matching searching, false peptide
assignments occur for a number of reasons. Reasons for false assignments are use
of simplified scoring algorithms, contaminants, low quality spectra, fragmentation
of multiple peptide ions, presence of homologous peptides, incorrectly determined
charge state or peptide mass, restricted/limited database search, sequence variants
and new peptides (Nesvizhskii et al. 2007). The generation of “high confidence”
identifications is the goal in proteomics, but scoring is software/tool-dependent.
The score distribution depends on mass spectrometer performance, the quality of
the sample, the instrument settings and its methods, and the size of the database.
The quality of the score may be improved by approaches such as target-decoy
searching and use of empirical Bayes methods (Keller et al. 2002; Storey and
Tibshirani 2003; Elias and Gygi 2007). The target-decoy method is when the peptide
in question is searched against the database of peptides in reverse order or with
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“shuffled” sequences. Subsequently, peptides are filtered with score cut-offs. This
method is useful in “weeding” out false positives but has the disadvantage of requir-
ing twice the computing time. Programs such as PeptideProphet employ empirical
Bayes approaches to validate peptide assignments made by database search pro-
grams. From each dataset, it learns distributions of search scores and peptide prop-
erties among correct and incorrect peptides and uses those distributions to compute
probabilities that assignments are correct.

Identifying peptides based on their spectral match to a spectrum in a spectral
library has been expanded because of the in-depth coverage of proteomes in
eukaryotic species (Brunner et al. 2007; Brill et al. 2009). With extensive maps
already in existence, the expansion to the proteomes of other systems by spectral
matching to spectral libraries will grow at a much faster rate (Yates et al. 1998;
Craig et al. 2006; Frewen et al. 2006; Lam et al. 2007).

In de novo sequencing, amino acids in the peptide are directly read from the
fragment ion spectrum, facilitated by tools such as PepNovo and PEAKS (Ma et al.
2003; Frank and Pevzner 2005). Direct sequencing is helpful in cases where pep-
tides are modified or there are polymorphisms. When limited genome information
is known about a host, de novo sequencing or a hybrid of de novo with database
spectral searching must be used. Posttranslational modifications (PTMs) are best
identified through direct de novo sequencing; however, there are database searches
and hybrid searches that can be employed to identify PTMs. A prominent ineffi-
ciency in the shotgun approach to proteomics lies in the redundancy of peptides
seen. In complex samples as the human serum proteome, laboratory measures such
as fractionation and immunological depletion experiments are done to compliment
the analytical and software approach of the mass spectral data. Combining several
search scores improves the overall confidence of the peptides identified. Programs
such as TANDEM allow investigator-provided constraints, to allow for stricter and
more confident identifications. Auxiliary run-condition information can also
improve spectral identification. For example, the retention time (Strittmatter et al.
2004) and/or known sequence motifs such as the presence of N-linked glycosyla-
tion sites (Zhang et al. 2005a) can be useful.

7.4.2 Quantification

MS based methods for quantitative analyses of proteins/peptides, as discussed ear-
lier, seek to compare two or more distinct proteomes in order to identify proteins
with altered expression levels or post-translational forms in response to a given
stimulus. In quantification analysis, regardless of whether the samples are isotopi-
cally labeled or label free, the ratio of intensities of the peptide peaks in a given
mass spectrum gives a relative ratio of abundance of the two or more species.
Several factors have to be considered when performing quantitative experiments.
When choosing a stable isotope label, it must be determined whether the label alters
the physicochemical properties of a peptide. For example, there is minimal impact
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when using *C, N, or O labeling (Zhang and Regnier 2002), but deuterium
labeling can be problematic as labeled and unlabeled peptides differ in their reten-
tion time in RP-HPLC (Zhang et al. 2001). This results in an inaccurate quantitation
data analysis and requires an additional signal integration step over retention time
to correct for the inaccuracy (Fig. 7.8).

As mentioned earlier, to prevent spectral overlap, the stable isotope label incor-
poration should result in at least 4 Da shift relative to the unlabeled peptide.
Another area of great effect on the accuracy of quantification is the quality of spec-
trum. Data should be handled with scrutiny when the signal is very low (close to
the noise level) or very high (possibly resulting in detector saturation) as both will
lead to distortion of the isotope envelope intensity leading to inaccurate quantita-
tion. It is also dependent on the ability of the instrument to discriminate between
interfering signals resulting from co-eluting peptides and the peptide isotope enve-
lopes. Even though this can be minimized by reducing the sample complexity
through fractionation, it should be noted that analytes often do not elute in a narrow
profile and sometimes even elute into two or more fractions in separated regions of
the elution profile (Faca et al. 2007).

In MS/MS based quantitation studies, the detector saturation problem is minimal
and quantitation is not dependent on the machine’s mass resolution, but on the size
of the sequencing window, therefore it is background contributions that may bias
the results. Hence, the m/z window used for sequencing should be optimized for
every run. When employing the spectral counting technique, results can be com-
puted in any of several ways. The simplest reports the average of ratios (Saito et al.
2007) while using an intensity threshold in order to minimize the noise based bias
(Wolf-Yadlin et al. 2007). More reliable results are achieved when the ratios are
computed based on the intensity weighted average, on the sum of all the observed
spectra (Ono et al. 2006; Saito et al. 2007), or by employing linear regression
(Parish 1989).

7.5 Applications

In the previous section we described the technology underlying proteomics
approaches. Here we briefly describe two primary applications of proteomics to biology.
First we discuss the identification of post-translational modifications. Next, we
describe how proteomics approaches can be used to characterize protein complexes.

7.5.1 Post-translational Modifications

Post-translational modifications (PTMs) are covalent processing events that change
the properties of a protein by proteolytic cleavage or by addition of a modifying group
to one or more amino acids. PTMs can determine a protein’s activity state, localization,
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turnover, and interactions with other proteins. For example, kinase cascades critical
to signaling are turned on and off by the reversible addition and removal of phosphate
groups and cyclins are marked for destruction at defined time points in the cell cycle
by ubiquitination. Despite the great importance of PTMs for biological function, their
study on a large scale has been hampered by a lack of suitable methods and many key
modifications have only been discovered late in the elucidation of various biological
processes. As a result, we probably do not realize the full extent and functional impor-
tance of protein modifications in the workings of the cell.

7.5.1.1 Isolation of Modified Proteins

Modification analysis is usually done by comparison of experimental data to a
known amino acid sequence. Therefore, the first step is identification of the protein
to be studied, which can be done at very high sensitivity by antibody recognition
(Western blotting) or by MS techniques. A central consideration in the character-
ization of modifications is the need for as large an amount of the protein as possible.
Protein modifications are typically not homogeneous and a single gene may give
rise to a bewildering number of gene products as a result of alternative splicing and
the combination of different post-translational modifications. The amount of pro-
tein in a single modification state can thus be a very small fraction of the total
amount of the gene product. Furthermore, as explained later, the complete charac-
terization of the primary structure of a protein requires much more material than
mere identification by MS sequencing of a few peptides.

To study the modifications of a single protein, chromatographic purifications,
antibody precipitations, or both can be used to isolate sufficient amounts. Modern
analysis methods tolerate contamination much better than earlier methods; there-
fore, the total amount of recovered protein is more important than absolute purity.
Often, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
will be the final preparation step and researchers should attempt to isolate at least
Coomassie-stainable amounts (several picomoles or 1 g) of protein to increase the
chance of detecting and characterizing modifications.

7.5.1.2 PTM Mapping of a Purified Protein

Once a protein has been isolated, a variety of techniques can be used to determine the
identities of modified amino acids. In some cases, the precise molecular weight of
the intact protein can be established by MS, especially if the protein is not too hetero-
geneous, its mass is less than about 100 kDa, and it is in a buffer that is compatible
with MS. Once the masses of the nonmodified and modified amino acid residues add
up to the measured intact molecular weight, the protein is completely characterized.

Amino-terminal protein sequencing by the classical technique of Edman
degradation is still the method of choice to determine proteolytic processing.
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Carboxy-terminal processing can also be determined by amino acid sequencing,
albeit at a much lower sensitivity. Detailed characterization of modification hap-
pens after enzymatic or chemical degradation of the protein. The resulting peptides
are usually separated by high-performance liquid chromatography (HPLC) as
described above. In Edman degradation, collected peptide fractions are applied to
the sequencer and their amino acid sequence determined. Modified amino acids
become apparent because of their absence or retention-time shift in the correspond-
ing sequencing cycle. If the mass of the intact peptide has been determined, then
the nature of the modification can be confidently assessed.

Often, the peptide mass pattern will hint at the nature of the modification, such
as multiple mass differences of 162 Da for glycosylation or the presence of a “satel-
lite mass” less 98 Da in the case of phospho-serine and phospho-threonine because
of the elimination of phosphoric acid.

The mass of the modified peptide is usually not sufficient to determine the
nature of the modification so peptides are fragmented by MS to localize the
modification. In these “tandem mass spectrometry” (MS/MS) experiments, pep-
tide ions are collided with inert gas, leading to fragmentation, usually at the
peptide bonds. Some modified amino acid residues remain intact during this
process. In this case, the fragmentation pattern is similar to the unmodified pep-
tide with the difference that the location of the modified amino acid is revealed
by its mass increment. Thus, ideally, the mass and location of the modification
can be determined. In practice, the fragmentation pattern may or may not allow
exact localization of the modification, depending on the completeness of the
fragmentation pattern.

If the modification is labile, then it will be lost before the peptide itself frag-
ments. In this case, the peptide can still be sequenced and identified, but only the
mass increment (not the location of the modification) is determined. Examples of
stable modifications are acetylation (+42 Da), which is found on the N termini of
many proteins or on specific lysine residues, and arginine methylation (+14 Da).
Examples of labile modifications are O-linked N-acetylglucosamine (GIcNAc;
+203 Da) and sulfation (+80 Da). The phospho group (+80 Da) can be stable (e.g.,
in the case of phospho-tyrosine) or relatively labile (e.g., in the case of phospho-
threonine and especially phospho-serine).

Modifying groups that are easily lost from the peptide can themselves be used
as “reporter groups” to detect the presence of the modified peptide in several dif-
ferent ways: In “in-source fragmentation,” excess energy in the ionization or ion-
sampling process leads to the characteristic presence of the reporter ion in mass
spectra. Subsequent sequencing of the peptide peaks can then identify the modified
peptide. Conversely, in the “neutral loss” technique, mild collisions in the collision
cell between the two sections of a tandem mass spectrometer lead to loss of the
modifying group. The second mass analyzer is set at a mass offset corresponding
to the mass-to-charge ratio (m/z) of the expected modification. A signal can only
reach the detector if the peptides were modified and the mass changed by the
expected amount during collision.
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7.5.1.3 PTM Mapping of Protein Populations

Although the methods just described are very powerful for the characterization of
individual, purified proteins and have helped elucidate numerous biological mecha-
nisms, the real promise of proteomics is to assess systematically the modifications
of large numbers of proteins. There are three commonly used approaches: analysis
of affinity purified proteins using LC MS/MS, analysis of peptides using LC MS/
MS, and derivatization-based methods.

The strategy of affinity-based enrichment of modified proteins combines estab-
lished biochemical, genetic, and immunological methods for enrichment of modified-
protein populations with recently developed MS techniques for protein mixture
analysis. This strategy is particularly attractive because the enrichment step is often a
single experiment (e.g., an immunoprecipitation) and the subsequent identification of
the protein mixture is usually reduced to a single LC MS/MS experiment as well.

The phospho-proteome has been extensively explored with this strategy. For
example, cells stimulated with EGF can be immunoprecipitated with anti-phospho-
tyrosine antibody. Another modification of great interest, the enzymatic attachment of
ubiquitin to cellular proteins that marks them for destruction, is also under investiga-
tion. In an elegant experiment, yeast ubiquitin was replaced by a histidine-tagged ver-
sion, allowing selective purification and identification of the ubiquitinated proteome.
As these examples show, the combination of selective enrichment of modified proteins
with MS mixture analysis can be very powerful. The critical step is the development
of the enrichment protocol. Subsequently, the proteins have only to be identified, thus
avoiding the difficulties of detailed modification mapping mentioned earlier.

Recent technological developments have made it increasingly feasible to directly
analyze very complex peptide mixtures by LC MS/MS. A single chromatographic
run can result in the identification of hundreds of modified peptides, especially as
following metal or affinity enrichment strategies. Peptide mixtures derived from
complex protein mixtures are very difficult to analyze comprehensively. If one is
interested in specific modifications, the peptide complexity can be reduced by affin-
ity methods. For example, phospho-peptides can be captured selectively through
their negatively charged phospho group on immobilized-metal affinity (IMAC)
columns. Recently, this technique has been made much more specific by esterify-
ing, and thereby neutralizing, the negatively charged amino acid residues before the
IMAC step, allowing identification of hundreds of phospho-peptides in yeast cell
lysates. The method has also been used in combination with phospho-tyrosine pro-
tein affinity purification.

Chemical derivatization of the modifying group potentially allows attachment of
a “hook” for affinity purification. For example, the phosphate group can be converted
to an affinity tag by an elimination/Michael addition reaction or by phosphoamidate
chemistry. It should be noted, however, that only very simple and extremely efficient
chemical derivatization steps are compatible with proteomics. If any heterogeneity is
introduced by the chemical reaction (e.g., as a result of <100% conversion efficiency
or side reactions), the peptide samples become even more complex and it is then only
possible to analyze modifications of the most abundant proteins.
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7.5.2 Identification of Protein Complexes

Vital cellular functions such as DNA replication, transcription, and mRNA transla-
tion require the coordinated action of a large number of proteins that are assembled
into an array of multiprotein complexes of distinct composition and structure.
Similarly, biological processes are orchestrated and regulated by dynamic signaling
networks of interacting proteins that link chemical or physical stimuli to specific
effector molecules. The analysis of protein complexes and protein—protein interac-
tion networks— and the dynamic behavior of these networks as a function of time
and cell state— are therefore of central importance in biological research.

7.5.2.1 Affinity Purification

Different approaches have been used to characterize protein complexes and
protein—protein interaction networks. The first interactome maps were obtained
using a yeast two hybrid approach. More recently, a combination of affinity purifi-
cation and mass spectrometry (AP-MS) has been used to greatly advance our
understanding of protein-complex composition. With the AP-MS method, multi-
protein complexes are isolated directly from cell lysates through one or more AP
steps. Complex components are then identified by MS. In contrast to yeast two-
hybrid and related methods, AP-MS can be performed under near physiological
conditions and in the relevant organism and cell type. AP-MS does not typically
perturb relevant post-translational modifications, which are often crucial for the
organization and/or activity of complexes. Another advantage of AP—MS is that it
can be used to probe dynamic changes in the composition of protein complexes,
especially when used in combination with quantitative proteomics techniques.

Standard approaches that use affinity-tagged recombinant proteins have allowed
for parallel sample preparation without the need to optimize the purification proto-
col for each protein complex. Proteins of interest are simply expressed in-frame
with an epitope tag (at either the N or C terminus), which is then used as an affinity
handle to purify the tagged protein (the bait) along with its interacting partners (the
prey). Although several different tags or tag combinations have been successfully
used in many low-throughput studies (see Cummings and Kornfeld 1982), high-
throughput studies have primarily used either the flag or tandem affinity purifica-
tion (TAP) tags.

In the flag-tag approach, C-terminally flag-tagged proteins are expressed under
the control of a GAL-inducible promoter and isolated in a single step using an anti-
flag antibody resin. In the TAP-tag approach genes, the proteins of interest are
fused to a C-terminal dual-epitope tag via homologous recombination, such that the
proteins were expressed under their own promoters. Protein purification is carried
out in two steps, first via the protein A moiety in the TAP tag (which binds immu-
noglobulin G (IgG)-sepharose) and then via the calmodulin-binding peptide (which
exhibits high affinity to calmodulin—sepharose).
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The AP-MS technique generates a list of proteins detected in a given sample but
does not necessarily reveal the composition of individual protein complexes. The
data from a single AP-MS experiment represents an average of binding partners
and protein complexes. If the bait protein is a component of multiple alternative
complexes, a single AP-MS analysis cannot be used to decipher this multiplicity of
associations. This is an important limitation because proteins can have dramatically
different roles as components of different types of complexes. The structure of
multiprotein complexes can only be revealed indirectly through high-density
AP-MS approaches. However, as described below, analysis of the composition of
an intact protein complex with defined biochemical properties can be used to
directly reveal the composition of a given complex.

7.5.2.2 Biochemical Fractionation in Protein Complex Analysis

The fractionation approaches described above have been used widely for the
separation and enrichment of protein complexes. AP of at least one of the sample
components using, for example, an inhibitor or a ligand has also frequently been
included in biochemical purification schemes to significantly increase enrichment.
Depending on the nature of the particular protein complex, a combination of these
separation methods can yield pure preparations.

Although fractionation approaches have been used successfully for the charac-
terization of the composition of numerous biologically relevant protein assemblies,
these methods are not generic and must be tailored to a particular complex of interest.
This limitation prevents their application to genome-wide studies. However,
combining one or more of such biochemical fractionation techniques with a generic
AP protocol (such as an epitope tag) can provide a surrogate for a complete
biochemical isolation of a protein complex.

Another strategy for the analysis of large multiprotein assemblies (or organelles)
is to monitor co-fractionation profiles using quantitative MS and then to compare
the acquired profiles with those of known components of the protein complex or
organelle of interest. This can be accomplished by monitoring the number and
intensity of the peptide signals for each detected protein across adjacent fractions
(for example, throughout a sucrose or glycerol gradient).

7.5.2.3 Crosslinking of Protein Complexes

A problem that is encountered during the isolation of intact native protein
complexes from cells or tissue is that only protein—protein interactions that are
resistant to the lysis and purification conditions will survive to be detected by MS.
Several different strategies have been devised to freeze transient or labile protein
interactions by using chemical crosslinking reagents. Crosslinkers possess at least
two reactive groups that form covalent bonds with target molecules. These reactive
groups are separated by a spacer arm of a defined length (usually in the range of
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5-15 A) that determines the maximal distance between two molecules. This confers
some degree of specificity to the crosslinking process: Molecules in close proxim-
ity are more likely to be crosslinked than distant species. However, protein—protein
crosslinking techniques present multiple experimental and analytical challenges.
The choice of crosslinker is crucial, as crosslinkers vary in cell-permeability, reac-
tivity, and arm length. Crosslinking reaction conditions must also be closely moni-
tored, such that bona fide protein—protein interactions are stabilized and undesired
crosslinks (to contaminating proteins) are minimized.

Although many chemical crosslinkers can be used to stabilize complexes in
theory, only a few have been successfully used for in vivo crosslinking followed by
MS analysis. Formaldehyde and di-thiobis-succinimidyl-propionate (DSP; an
amine-reactive, homobifunctional, thiol-cleavable and membrane-permeable cross-
linker) have been used most often to identify novel interacting partners. Crosslinkers
are also particularly attractive for revealing interactions that involve membrane
proteins (or microsomes), as the detergent concentrations used to solubilize the
membranes and extract the proteins typically also disrupt protein—protein interac-
tions. Mild formaldehyde crosslinking has also been performed in animals and has
allowed for the stringent immunopurification of an intact secretase complex as well
as the identification of protein interactors for the cellular prion protein.

7.5.24 Complex Stoichiometry

Determining complex stoichiometry by mass spectrometry has thus far been chal-
lenging. However, one promising strategy to determine protein stoichiometry in a
complex is to combine complex isolation with isotope-based absolute quantitative
proteomics. If all of the components of a complex are known, synthetic tryptic
peptides can be generated to monitor the abundance of each of the proteins in the
complex. These peptides can be synthesized with heavy isotopes and then mixed
with an unlabelled sample (as in the AQUA approach) or labeled in parallel to the
samples (e.g., by reaction with iTRAQ).

7.6 Summary

Technologies to quantitatively interrogate proteomes are becoming a standard part
of the arsenal of biologic researchers. These technologies have evolved rapidly over
the past decade. Owing to the complex and dynamic nature of proteomes, it has
now become clear that there is no “one-fits-all” strategy to address biological questions.
While techniques for say analyzing protein complexes are already quite mature,
experiments such as global protein expression profiling for biomarker discovery,
are still under development. In this chapter, we attempted to provide a technical
guide to the three main components of proteomics: (1) sample preparation, (2) mass
spectrometric analysis, and (3) data analysis. We then highlighted two mature
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applications of these components to demonstrate that a fundamental canon of
approaches (e.g., fractionation, followed by LCMS) can be assembled into powerful
pipelines to ask and answer important biological questions.
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