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2D Page

Two-dimensional polyacrylamide gel electrophoresis; a technology that separates intact
proteins according to their plI in the first dimension and molecular weight in

the second.

MS/MS
A mass spectrometry technique in which precursor ions are selectively fragmented,
thus allowing detailed structural information to be obtained.

MudPIT

A multidimensional protein identification technology; a proteomic method based on
liquid chromatography of peptide mixtures with subsequent identification by tandem
mass spectrometry.

Quantitative Proteomics
A group of methods that allow large-scale quantitative assessment of protein
expression and identification.

Proteomics aims to identify, characterize, and map gene functions at the protein
level for whole cells or organisms. A typical experimental scheme for a large-
scale proteomics inquiry involves fractionation of a complex protein mixture by
electrophoretic or chromatographic means followed by subsequent identification
of the components in the individual fractions by mass spectrometry. Owing to
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continuous and rapid improvement in instrument sensitivity, throughput
capacity, software versatility, and techniques of statistical validation of the data,
mass spectrometry—based approaches are becoming mainstream methods in a

proteome analysis.

1
Principles and Instrumentation

1.1
Proteome and Proteomics

The term proteome was first introduced in
mid-1990s to name the functional com-
plement of a genome. By analogy with
genomics, the term proteomics refers to stud-
ies of a gene’s function at the protein level.
Both these terms have a large-scale flavor
to them. Indeed, studies that fall under
the category “proteomics” frequently deal
with large-scale analyses of proteins on the
level of the whole organism, tissue, cell, or
subcellular compartments.

Examples of typical biological questions
addressed by modern proteomics exper-
iments include but are not limited to
establishing “news of difference” between
healthy and pathological states, monitor-
ing global gene expression during growth
and development, establishing cellular lo-
calizations of a particular subset of an
expressed genome, and identifying net-
works of protein—protein interactions. In
fact, a recent review classifies proteomics
studies according to the type of the ad-
dressed biological questions into “profil-
ing proteomics,” “functional proteomics,”
and “structural proteomics.” Profiling pro-
teomics amounts to large-scale identifica-
tion of the proteins in a cell or tissue
present at a certain physiological con-
ditions. Functional proteomics refers to
the studies of functional characteristics of
proteins — posttranslational modifications,

protein—protein interactions, and cellular
localizations. Structural proteomics in-
cludes studies of protein tertiary structure,
typically made by a combination of X-
ray, NMR, and computational techniques.
Adopting this classification, this chapter
primarily focuses on the profiling and
functional proteomics.

1.2
Need for Large-scale Analyses of Gene
Products at the Protein Level

Rapid success of the various genome-
sequencing programs is one of the major
factors that led to the development of
large-scale proteomics methods. In fact,
a search of the genome-derived sequence
databases is usually an intrinsic part of
mass spectrometry—based proteome anal-
ysis. While of tremendous value, genomic
information is, in principle, insufficient for
understanding the complex processes of
cellular function. Indeed, in addition to the
projection of the information from genes
into proteins, cells of the living organisms
must metabolically extract useful informa-
tion from the environment. Therefore, the
total informational content necessarily in-
creases in a proteome compared to the
corresponding genome.

An immediate consequence of this
increase in the informational content is
that all of the following — protein isoforms,
protein posttranslational modifications,
protein conformational states, protein
abundance levels, as well as dynamical
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changes of these properties — have their
own important functional implications in
the living cells. In certain cases, genomic
sequence still can be used to assess
some of the functional properties of the
corresponding proteins. For example, the
codon adaptation index (CAI) and codon
bias can be used to predict the expression
level of genes. Another important case
is a global sequence-based prediction of
protein—protein interactions, an example
of which is discussed in Sect.3 of
this chapter.

Also, to some degree, the functional
properties of proteins can be assessed
by analysis of the mRNA transcripts.
Specifically, mRNA expression profiles are
frequently used to estimate the corre-
sponding protein levels. Most common
methods that are used to measure global
mRNA expression are cDNA microarray
and serial analysis of gene expression
(SAGE). However, in many cases, the cor-
relation between mRNA and protein is
insufficient to quantitatively predict pro-
tein expression. Potential reasons for these
discrepancies in mRNA and protein lev-
els include the differences in half-lives
of proteins and mRNAs and posttransla-
tional mechanisms that control the rates of
translation. Thus, neither DNA nor mRNA
sequence information is sufficient for un-
derstanding of the cellular functions. This
fact provides motivation to improve the
old and develop new technologies for the
large-scale analyses of gene products at the
protein level.

1.3
General Problems in Proteome Analyses

In a given organism, there are sev-
eral times more different proteins than
there are genes. Estimates for hu-
mans give such numbers as about

30000 different genes and more than
100000 different proteins. Factors such
as posttranslational modifications, iso-
forms, and expression levels increase
the complexity and interconnectedness
of a proteome compared to a genome.
Problems associated with modern pro-
teomics methods include (1) difficulties
in the detection of low-abundant pro-
teins; (2) difficulties in obtaining quantita-
tive information; (3) biases in a proteome
coverage; (4) difficulties in characteriza-
tion of posttranslational modifications;
(5) difficulties in data analysis and inter-
pretation in the large-scale experiments;
(6) poor reproducibility.

1. Protein levels as low as several dozens
copies per cell can be of functional sig-
nificance. This is true for certain recep-
tors, signaling proteins, and regulatory
proteins. However, detection of the low-
abundance proteins is often an issue in
proteomics experiments. The ability of
a proteomics method to identify low-
abundant proteins in the presence of
high-abundant ones is characterized by
the dynamic range of a method. The dy-
namic range of a proteomics method is
defined as the ratio of concentration of
the most abundant to the concentration
of the least abundant proteins identi-
fied by a method. Proteomics methods
based on two-dimensional polyacry-
lamide gel-electrophoresis (2D PAGE)
separations typically have a lower dy-
namic range than the methods based on
affinity separation or multidimensional
liquid chromatography.

2. Quantitative information on the protein
abundance in different physiological
contexts is the goal of comparative pro-
teomics studies. 2D PAGE methods are
good at solving these types of prob-
lems, when combined with scintillation
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counting or fluorescence imaging spec-
troscopy. In the MS-based methods,
quantitation is achieved by differen-
tial labeling (discussed in detail in
Sect. 2).

. Biases in proteome coverage can be in-
herent to a particular method, or be
related to the design of an experimen-
tal scheme. For example, 2D PAGE
methods are biased against highly hy-
drophobic proteins. At the same time,
there is no inherent bias against hy-
drophobic proteins in MS identifica-
tion. However, sample enrichment or
fractionation steps necessarily preced-
ing MS analysis are often biased against
one or the other class of proteins.

. Information on types and degrees
of posttranslational modifications and
protein isoforms is a necessary compo-
nent of comprehensive functional de-
scription of a proteome. Unfortunately,
it is difficult to design a proteomics
method that would simultaneously give
both good proteome coverage and iden-
tify all posttranslational modifications.
Methods, such as 2D PAGE, which sep-
arate intact proteins, are good at the
detection of different posttranslational
modifications and isoforms present at
the same time. However, owing to large
diversity in protein masses and shapes,
biases in proteome coverage are inher-
ent in the intact protein methods.

. During a large-scale proteome analysis,
thousands of data points are generated.
Hence, there are inherent problems
related to the data reduction and
extraction of the useful information.
Additionally, the obtained information
needs to be presented in an accessible
format to the scientific community.
These issues often require significant
computational support and software
development.

6. Most of the high-throughput, large-
scale methods suffer from poor re-
producibility. This is especially true in
the case of 2D PAGE and MS-based
schemes with several fractionation and
separation steps involved. Possible ways
to improve reproducibility include re-
duction in the number of separation
and fractionation steps, adhering to
standard protocols, and use of automa-
tion whenever possible.

Most of these challenges, however, are
merely technical limitations. Modern tech-
nologies continuously progress toward
higher sensitivity, higher range of pro-
teome coverage, and higher reproducibil-
ity. Also, even if it may be impossible
to have 100% proteome coverage with a
single method, proper design of a pro-
teomics program that takes advantage of
several different methods can achieve im-
pressive results.

1.4
MS Instrumentation

Mass spectrometry (MS) is a platform tech-
nology for all proteomics. It is the mass
spectrometer that is used to identify the
protein present in samples. Furthermore,
there are a variety of mass spectrometry
approaches that can be used to achieve
this end. Figure 1 illustrates the general
concept of MS analysis in proteomics.
Generally, MS analysis involves creation
of gaseous ions from an analyte followed
by separation of the produced ions accord-
ing to their mass-to-charge ratio (m/z).
Instruments that perform analysis of this
type are called mass spectrometers. Princi-
ple components of a mass spectrometer
are an ion source, where ionization takes
place; a mass analyzer, where the m/z is
measured; and a detector, where amount
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dissociation in a
controlled manner
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fragments can be
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experiments

(b)
Fig. 1 Principle scheme of single MS (a) and
MS/MS (b) analyses. (a) Intact proteins or
peptides are transferred from the condensed
phase into the gas phase and are ionized
through capture (positive mode) or loss
(negative mode) of protons. In high-throughput
protein identification experiments, positive
mode of ionization is used. Negative mode of

of the ions corresponding to a particular
m/z is recorded. Large macromolecules,
such as proteins, are nonvolatile, and
owing to a lack of proper ionization tech-
niques for a long time, MS was limited
to the analysis of smaller molecules. Fi-
nally, in the 1980s, protein ionization
methods were developed, thus making
MS-proteomics feasible.

1.4.1 lonization Methods

The two most commonly used methods
of protein ionization are electrospray
ionization (ESI) and matrix-assisted laser

ionization can be used for analysis of
carbohydrates and nucleic acids. lons of different
m/z are discriminated by magnetic or electric
fields. (b) lons whose structure needs to be
determined are chosen for fragmentation via CID
reactions in the MS/MS experiment. The
obtained fragmentation patterns can be searched
against protein databases for identification.

desorption ionization (MALDI). In both
of these techniques, ionization occurs
through uptake (positive mode) or loss
(negative mode) of one or several protons.
In large-scale proteomics studies, the
positive mode is typically used. The
negative mode of ionization finds its
uses in analyses of carbohydrates and
nucleic acids. In any of the available
ionization methods, there is no definite
relationship between the amount of ions
formed and the amount of the analyte. This
fact makes mass spectrometers inherently
nonquantitative devices.
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ESI produces mostly multiply charged
ions by creating a fine spray of charged
droplets in a strong electric field. With
the application of a dry gas, the droplets
evaporate, and the electrostatic repulsion
causes transfer of the analyte ions into the
gas phase (Fig. 2a). The multiple charging
allows analysis of very large molecules
with analyzers that have relatively small

Potential gradient

m/z range. Another advantage of the
multiple charging is that more accurate
molecular weight can be obtained from
analysis of the distribution of multiply
charged peaks. ESI is used in a wide
range of proteomics applications but is
limited by susceptibility to high salt
concentrations and to contaminants in
the sample.

Dry gas

Analyte solution -

=5 kV

(a) ESI

Matrix
cocrystallized
with a sample *

¢ UV laser pulses

1
1
i
1
1
|
|
I
|
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Fig.2 Conceptual schemes of (a) Electrospray ionization (ESI) and (b) Matrix-assisted laser
desorption ionization (MALDI). (a) During ESI, a fine spray of charged droplets is created.

The droplets evaporate and the multiply-charged ions are expelled by electrostatic forces. ESI is
frequently used for analysis of complex peptide mixtures via coupling to multidimensional
liquid chromatography. (b) During MALDI, the analyte molecules are ejected by laser pulses
from the sample cocrystallized with a matrix. During MALDI, mostly singly charged ions are
produced. Because the analyte molecules are ejected in bundles, MALDI method is ideally
suited for coupling to TOF mass analyzers. MALDI-TOF instruments are frequently used to

analyze individual spots on 2D PAGE.
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MALDI produces predominately singly
charged ions by aiming laser pulses at
a sample cocrystallized with a molecular
matrix on a metal plate under high
voltage (~20 kV). Typical matrices used in
MALDI-assisted protein analysis include
a-Cyano-4-hydroxycinnamic acid and 2-
(4-Hydroxyphenylazo)-benzoic acid. The
laser is tuned to the absorption maximum
of the matrix. The sample ions are
preformed in the condensed phase in
sufficient quantities. The matrix absorbs
some of the laser pulse energy, thus
minimizing sample damage. The sample
ions and matrix molecules gain enough
kinetic energy and are ejected into a
gas phase (Fig. 2b). Table 1 outlines and
compares principle characteristics of these
ionization methods.

Importantly, in both the MALDI and
ESI sources, ion fragmentation occurs
rarely and the analyte molecules remain
largely intact. This nondestructiveness is
what makes these methods so attractive

Tab.1 Comparison of ESI and MALDI sources.

for characterization of biomolecules.
However, in certain applications (e.g.
peptide sequencing), it may be necessary
to fragment molecular ions (preferably in
a predictable manner) in order to extract
additional information. This is typically
achieved via collision-induced dissociation
(CID). Such types of MS analysis are
called tandem MS (MS/MS) and often
are denoted by MS", where n is the
number of generation of fragment ions
analyzed (Fig.1).

1.4.2 Mass Analyzers

Mass analyzers separate ions according
to their m/z in electric or magnetic
fields. Most common types of mass an-
alyzers used in proteomics research are
quadrupole (QD), ion trap (IT), time-of-
flight (TOF), and Fourier transform ion cy-
clotron resonance (FTICR). Often in mod-
ern instruments, several analyzers of the
same or different types are combined to-
gether to achieve maximum performance.

ESI

MALDI

Principle of action

lons formed

Mass range
Resolution

Typical application

Uses electric field to produce sprays
of fine droplets; as the droplets
evaporate, ions are formed

Multiply charged

(The larger the analyte molecule, the
more likely it acquires multiple
charges)

>100 kDa

~2500 (with IT/QD mass analyzers)

107" mole

LC/MS of peptide mixtures; tandem
MS; protein identification by
comparing experimental MS/MS
spectra with theoretical MS/MS
spectra produced from protein
databases

Uses laser pulses to desorb and
ionize analyte molecules
cocrystallized with a matrix on a
metal surface

Singly charged

>100 kDa

~10000 (with TOF mass analyzers
and ion reflectors)

10713 mole

Analysis of spots on 2D PAGE;
determination of molecular weight;
protein identification by “peptide
mass fingerprinting”
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QD mass analyzers are frequently used
in conjunction with ESI source. They of-
fer moderate resolution (up to 2500 mass
units) and moderate sensitivity. QD con-
sists of four parallel rods with a hyperbolic
cross section. Diagonally opposite rods
are connected to radio frequency and
direct-current voltage sources thus estab-
lishing the quadrupole field. Ions that are
produced at an ion source are electrostati-
cally accelerated into this quadrupole field.
Mass-selection is achieved by proportional
changes of amplitudes of radio frequency
and direct current in a way that for any
given pair of these amplitudes there, only
the ions of specific m/z reach the detec-
tor. QDs are known for their tolerance of
high pressures (up to 10~* torr), which
makes them attractive to use with ESI for
liquid chromatography (LC)-coupled appli-
cations.

IT mass analyzers work by confining
ions to a small volume via radio-frequently
oscillating electric fields. ITs offer moder-
ate sensitivity at a relatively low monetary
cost and are good for MS/MS applica-
tions. In the latter case, ITs are often used
cojointly with QDs. Mass accuracy of reg-
ular ITs is rather low, since only limited
amount of ions can be accumulated in a
small volume. Mass accuracy, as well as
resolution can be significantly improved
by using two-dimensional ITs (sometimes
also called linear), which increase the ion
storage volume.

TOF mass analyzers measure the time
traveled by an ion from a source to
a detector. The longer the flight path,
the better the resolving power. However,
longer flight paths also increase the
scan time. In commercial TOF analyzers,
compromise is achieved with the length
of the flight path on the order of several
meters. The resolving power of a simple
TOF analyzer is poor—several to ten

times less than that of QD. Significant
improvement in the resolving power of
TOF is offered by additions of one or
several ion reflectors. Upon reflection, the
velocity distribution of ions at particular
m/z narrows, thus increasing resolution
and sensitivity. As a result, modern
TOF and double-TOF spectrometers can
achieve resolving power of 10000 and
more. Measurement of the ion’s TOF
can be achieved only if the analyte ions
are presented to TOF analyzer in discrete
bundles. Because of this need for discrete
ion bundles, TOF analyzers are particularly
suited to the pulsed nature of MALDI.
In fact, MALDI-TOF is one of the most
common types of mass spectrometers used
in proteomics research.

FTICR mass analyzers are based on the
resonance absorption of energy by ions
that precess in a magnetic field. The
recorded array of the precession time-
curves is Fourier-transformed to obtain
the component frequencies of the different
ions. Next, the component frequencies are
related to the ion’s m/z. Because frequency
is a parameter that is easy to measure
with high precision and accuracy, FTICR
has the highest resolving power amongst
MS analyzers — up to 10° and more. With
FTICR, it is also particularly easy to do
MS" experiments. Unfortunately, current
FTICR instruments are cumbersome, ex-
pensive, and not readily available.

143 MS/MS
In some applications, it is necessary to
fragment molecular ions produced by ESI
or MALDI further to obtain additional
structural information. Figure 3 illustrates
a possible way to do this with a triple-QD
ESI mass spectrometer. To obtain a tan-
dem spectrum, the first quadrupole scans
across a set m/z range and selects ions of
interest. In the second quadrupole, CID
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Fig. 3 Atriple quadrupole mass spectrometer with MS/MS capability. Q1
selects ion to be fragmented and allows the selected ion to pass into Q2.
The ions in Q2 are fragmented via collisions with inert gas (typically
argon). Q3 analyzes the fragments generated in Q2. MS" (n < 4)
experiments can be performed with this setup as well. To achieve this,
fragmentation must be increased at the level of ionization. In modern
instruments, quadrupole-ion trap mass analyzers are used for MS"

(n > 8) experiments.

reaction takes place —ions that were se-
lected by the first quadrupole undergo
collisions with argon gas and fragment.
Finally, the third quadrupole analyzes the
resulted fragments. Importantly, the frag-
mentation via CID occurs in a predictable
manner — protein and peptide ions break
mostly at peptide bonds — which makes the
large-scale sequencing easier.

1.5
Methods of Sample Fractionation

The large complexity of protein mixtures
from biological samples poses additional
challenges for proteomics experiments.
Depending on the scope of a particular
proteomics task, it is desirable to introduce
sample enrichment and fractionation steps
prior to MS identification. The scope of a
particular task can range either from an
analysis of a subset of a proteome — for
example, analysis of proteins specific to a
particular organelle and proteins modified
in a certain way-—to a simultaneous
analysis of all the proteins in the proteome.
In both of these cases, a proper choice
of separation strategy determines the
overall throughput and sensitivity of the
proteomics experiment. While it may be

desirable to fractionate protein mixture
down to individual proteins (aim of 2D
PAGE separation), significant gain in
the throughput can be achieved when
mixtures of proteins are introduced to the
mass spectrometer.

MS analysis of intact proteins is imprac-
tical in most of the high-throughput tasks
with the current instrumentation because
of the large range in protein masses. To
simplify the measurements, in most of the
MS analyses, proteins are enzymatically
digested (either individually purified or in
mixtures) to produce peptide fragments.
The resulted peptide mixtures are often
fractionated further. Fractionation of the
peptide mixtures is usually achieved via
in-liquid chromatography methods.

Isolation of a particular subcellular
compartment or an organelle is usually
achieved by a combination of centrifu-
gation and solubilization steps. Proteins
modified posttranslationally in a specific
way (e.g. phosphoproteins) can be isolated
by chemical- or immunoaffinity methods
(see examples in Sect. 3). Large-scale iso-
lation of protein complexes can be done
by the epitope tagging and subsequent
immunoaffinity purification (see exam-
plesin Sect. 3). Another promising affinity
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method is that of protein chips — a method
that uses large arrays of antibodies, or
other binding factors to isolate proteins
of interests.

1.5.1 2D-electrophoretic Separation of
Complex Protein Mixtures

2D PAGE separation methods were intro-
duced in mid-1970s and were extensively
used for analysis of complex protein mix-
tures. The principle of 2D PAGE sepa-
ration is illustrated in Fig. 4. 2D PAGE
separates proteins in the first dimension by
their pI, and in the second, by their molec-
ular weight. Prior to the development of
MS-identification techniques suitable for
macromolecules, identification of individ-
ual proteins in the gel spots was difficult.
Typically, the identification of individual

Bl

IEF or IPG

proteins in the gel spots was done by im-
munostaining methods or by N-terminal
degradation sequencing. Nowadays, in
most laboratories, analysis of 2D PAGE
spots is performed with MS. Typically,
the individual spots are excised, digested,
and analyzed by MALDI-MS. Protein iden-
tification is achieved by peptide map-
ping — comparison of the observed peptide
peak patterns with the predicted digest
fragments of proteins in a database. How-
ever, if some of the spots on the 2D PAGE
are overlapping, the method of peptide
mapping can give incorrect results.

As a separation technique, 2D
PAGE offers high resolution, and is
able to distinguish between different
protein isoforms and also between
different posttranslational modification

pl
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Fig. 4 Principle of the two-dimensional electrophoretic separation
of intact proteins. The sample is loaded onto IEF to IPG strip, where
proteins are separated according to their isoelectric points (pl).
Next, the strip is loaded on SDS-PAGE, where the proteins are
separated according to their molecular weights (MW). Visualization
of protein spots is achieved via chemical staining methods.
Individual spots can be further excised and analyzed by mass

spectrometry.
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states. However, 2D PAGE is a denaturing
technique; hence, it is not suitable for
direct analysis of protein complexes and
protein—protein interactions. Also, 2D
PAGE is known to discriminate against
low-abundance and membrane proteins.
Other limitations of 2D PAGE include
biases against proteins with pls outside
the 2—10 range and biases against heavy
proteins (>100 kDa). The dynamic range
of 2D PAGE is also limited by resolution of
the spot visualization methods. Recently,
a number of ways to overcome some
of these limitations of 2D PAGE have
been developed.

Significant improvement to 2D PAGE
was the development of immobilized pH
gradients (IPGs), which increased both re-
producibility and the load capacity of 2D
PAGE. Sample prefractionation into dis-
crete isoelectrical fractions and subsequent
analysis by several narrow-range IPGs is
yet a further improvement to this technol-
ogy, which both increases the method’s
dynamic range and somewhat reduces the
biases in proteome coverage. Despite these
technological improvements, 2D PAGE
remains a time-consuming and labor-
intensive technique. Alternative methods
of protein separations employing LC exist
and can potentially overcome some of the
2D PAGE’s limitations in the large-scale
proteome analysis.

1.5.2 Liquid-phase Separation Methods

An ESI source allows MS characterization
of proteins and peptides that are present
in solutions and therefore is ideally suited
for online coupling with liquid-phase
separations. Liquid-phase separation can
be achieved by using high performance
liquid chromatography (HPLC), capillary
isoelectric focusing (CIEF), capillary elec-
trophoresis (CE), or by other methods.
When two or more distinct liquid phases

are used in a separation, with each of
the phases relying on a unique indepen-
dent physical property of the analyte, this
liquid-phase separation is called multi-
dimensional. Independent physical prop-
erties correspond to “dimensions” and
these can be size, charge, hydrophobicity,
or affinity to a particular substrate. The
use of several independent dimensions
significantly increases resolving power of
a separation.

In-liquid separation methods can be
used both for the intact proteins and
for the peptide mixtures. One promising
technique for characterization of global
extracts of intact proteins is CIEF-FTICR
mass spectrometry. In this method, the
CIEF separates intact proteins by pl and
subsequent analysis by FTCIR produces
a two-dimensional display similar to the
one obtained in 2D PAGE. Jensen et al.
reported resolution of 400 to 1000 proteins
in the mass range of 2-100 kDa from
global protein extracts of Escherichia coli
and Deinococcus radiodurans. While of
good resolving power and sensitivity, this
technique needs further improvement,
perhaps by addition of protein fragmen-
tation so that the resolved proteins could
be identified.

Wall etal. developed a method that
can potentially obtain both intact protein
molecular weights as well as sequence in-
formation for alarge portion of a proteome.
In this method, proteins were separated
by pI using isoelectric focusing (IEF) in
the first dimension and by hydrophobic-
ity using nonporous reversed-phase HPLC
in the second dimension (IEF-NP RP
HPLC). Next, the fractions that were eluted
from HPLC were analyzed in two parallel
experiments by (1) MALDI-TOF-MS and
(2) ESI-TOF-MS. Analysis of human ery-
throleukemia cell lysate by this method
resulted in resolution and identification of
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several hundreds of unique proteins in a
mass range from 5 to 85 kDa. Having both
intact protein molecular weights as well
as sequence information alleviates char-
acterization of protein posttranslational
modifications and isoforms. Thus, Wall
etal. reported detection of posttransla-
tional modifications of cytosolic actin, heat
shock 90 beta, HINT and «-enolase.

The intact protein approaches are usu-
ally limited to proteins of smaller sizes,
mostly because the resolving power of
mass analyzers drops with increase in the
ions masses. Also, biases toward one or
the other types of intact proteins are un-
avoidable with any chromatographic sep-
aration method. A conceptually different
approach, in which purification of intact
proteins is avoided, involves proteolytic
digestion of protein mixtures. Proteolytic
digestion transforms protein mixtures into
more uniform (in terms of mass and chro-
matographic properties) mixtures of pep-
tides. Because of the increased uniformity,
analysis of peptide mixtures essentially
eliminates biases in proteome coverage.
Unfortunately, the absence of informa-
tion on intact proteins makes character-
ization of posttranslational modifications
more difficult.

Chemical or enzymatic cleavage of pro-
teins into peptides followed by multidi-
mensional liquid-phase separation is typi-
cally used in a global proteome survey type
of experiments. Generally, proteins from
whole cells or tissue homogenates are first
enzymatically digested and then the result-
ing peptide mixtures are separated by elec-
trophoresis or liquid chromatography in
a microcapillary format. A microcapillary
column is attached directly to the ioniza-
tion source so that the eluting fractions
are ionized and introduced to a mass ana-
lyzer. While fragmentation of the peptide
ions is optional with MALDI-MS /peptide

mapping analysis of 2D PAGE spots, it is
required with the liquid-phase/MS anal-
ysis of complex peptide mixtures. The
sequence information obtained by MS/MS
for individual peptide ions is used to match
peptides to the corresponding proteins in
a database.

Multidimensional protein identification
technology (MudPIT) is a good example
of aliquid-phase/MS method. In MudPIT,
a biphasic SCX/RP microcapillary column
is used to fractionate a complex peptide
mixture (Fig. 5). The peptide fractions are
eluted from the column by series of HPLC
gradients into the tandem mass spectrom-
eter. The obtained MS/MS spectra are
used to search a sequence database via
SEQUEST algorithm. MudPIT was used
to detect and identify ~1500 proteins from
Saccaromyces cerevisiae proteome, ~2500
proteins from the Oryza sativa proteome
and ~2500 proteins from the Plasmo-
dium falciparum proteome.

1.5.3  Affinity Methods (Epitope Tagging)
Affinity-purification methods are fre-
quently employed in those proteomics
programs that analyze specific subsets of
a proteome, such as phosphorylated or
glycosylated proteins. Also, affinity meth-
ods are often used in large-scale studies
of protein—protein interactions and pro-
tein complexes. Affinity methods are based
on targeted interactions between proteins
and antibodies or between proteins and
other protein-specific molecules, immo-
bilized in a column or in the form of
an array. For example, to isolate phos-
phorylated proteins from the rest of the
proteome, one can use an immunoaffinity
column prepared with antibodies specific
to the phosphorylated amino acids.
Epitope tagging is used in large-scale
analyses of protein—protein interactions
and protein complexes (Fig.6). In this
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Fig. 5 Multidimensional protein identification technology (MudPIT).
Complex peptide mixtures are loaded onto a biphasic microcapillary
column packed with strong cation exchange (SCX) and reverse-phase (RP)
materials. Peptides directly elute into the tandem mass spectrometer
because a voltage (kV) supply is directly interfaced with the microcapillary
column. Peptides are first displaced from the SCX to the RP by a salt
gradient and are eluted off the RP into the MS/MS. The tandem mass
spectra generated are correlated to theoretical mass spectra generated
from protein or DNA databases by the SEQUEST algorithm. Figure is
reproduced from Washburn, M.P., Wolters, D., Yates, J.R. Il (2001)
Large-scale analysis of the yeast proteome by multidimensional protein
identification technology, Nat. Biotechnol. 19, 242—247 by permission of

Nature Publishing Group.

strategy, proteins to be isolated are fused
with a motif recognizable by a specific
antibody. This fusion is typically done by
incorporating the epitope sequence into
C-terminal of genes that encode proteins
of interest. Then the fused proteins are
expressed and purified along with their in-
teraction partners by the immunoaffinity
chromatography using antibodies specific
to this particular epitope. If a particular
protein is of low abundance, it can be over-
expressed to increase the overall recovery.

1.6
Protein Identification by MS

Accurate identification of proteins is the
essential requirement of proteomics stud-
ies. High complexity of protein mixtures
derived from tissues, whole cells, or sub-
cellular compartments adds an additional
requirement of high throughput in the
identification of proteins. In this section,
we review common strategies that match
MS data with proteins present in a
biological sample.
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Fig. 6 Principle of affinity purification with epitope tagging. Bait proteins are expressed as
fusion with a motif recognizable by a certain antibody (epitope). The cells are lysed, and
proteins are purified by immunoaffinity chromatography. Next, the bound fraction is
competitively eluted from the column, and the pulled proteins are analyzed by LC/MS or

1D PAGE/MS.

Typically, protein identification amounts
to the deduction of the sequence-specific
information from MS data followed by
searches of the sequence databases.
Databases that MS data can be matched
against are protein, expressed sequence
tag (EST), and genomic databases. Be-
cause currently there are no suitable ways
to fragment intact proteins inside a mass
spectrometer, high-throughput sequenc-
ing by MS is possible only if intact proteins
are fragmented into peptides first. Depend-
ing on a particular type of proteomics
scheme and MS instrumentation used,
protein sequence information can be ob-
tained by (1) peptide mass fingerprinting;
(2) accurate mass tags (AMTs); (3) peptide
fragmentation in MS/MS; (4) sequence
tags; or by combinations of (1) through (4).

Peptide mass fingerprinting method is
usually adopted in those cases in which
individual proteins are separated during
purification steps, such as in 2D PAGE.

In the case of 2D PAGE, individual
spots are picked, digested, and masses
of the peptides are recorded. Next, the
experimentally obtained peptide masses
are matched against theoretical peptide
libraries generated from protein sequence
databases. MS/MS data can also be
obtained along with mass fingerprinting,
and nowadays this is a common practice.
With MALDI-TOF instrumentation —
which is typically used with the pep-
tide mass fingerprinting type of analy-
sis — several peptide masses are needed
to unambiguously identify a protein. Us-
ing more accurate instrumentation, such
as FTICR-MS, it is possible to identify
proteins based on the mass of a sin-
gle peptide, without MS/MS data. In this
case, a peptide that uniquely corresponds
to a protein is called accurate mass tag
(AMT). Conrads et al. evaluated utility of
AMTs for identification of proteins from S.
cerevisiae and Caenorhabditis elegans. The
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authors demonstrated that up to 85% of
the predicted tryptic peptides from these
two organisms could be used as AMTs
at mass accuracies typical of FTICR-MS
instruments (~1 ppm). The authors also
discussed utility of AMTSs with highly ac-
curate mass measurements in detection
of phosphorylated proteins. They argued
that because mass defect of P is larger
than that of H, C, and O, the average
mass of phosphopeptides is slightly lower
than the mass of unmodified peptides of
the same nominal weight; thus enabling
the identification of phosphorylated pep-
tides if the mass measurement accuracy
is sufficient.

Whenever it is possible to match a sin-
gle peptide to a protein, it is no longer
necessary to purify samples down to indi-
vidual proteins. Instead, fractions contain-
ing mixtures of proteins can be digested
with trypsin followed by analysis of the re-
sulted peptide fragments. For example, the

above-discussed AMT method can be used
for analysis of complex protein mixtures,
because it matches single peptide to a
unique protein. However, the requirement
of high mass accuracy makes uses of AMT
limited. Additionally, FTICR instrumenta-
tion is cumbersome and is not a widely
distributed technology today. Far more su-
perior in terms of proteome coverage per
monetary cost are methods that employ
peptide sequence analysis by MS/MS. The
key fact that enables high-throughput pep-
tide sequencing by MS/MS is predictability
of the peptide precursor ion fragmentation
in the CID reactions.

Figure 7 shows the adopted nomencla-
ture for the fragment ions series. Ions
that form through dissociation of the pep-
tide bonds are the most abundant ones
if moderate collision energies are used
(30-50 V). The ions thatretain their charge
on the N-terminal part after fragmentation
of the precursor are called y ions, and the

C{—— C3—— C5——
by bg— bs ——
aj— a3 — a5 ——
Ry o) Rs o) Rs o)
I I |
HoN \”/ . - \”/ . i \”/ " " om
0 Rs 0 Ra o Re
— “4n-1 — Zp-3 — “4n-5
+2H +2H +2H
— Yn-1 — Yn-3 — Yn-s
- “4n- — “n-3 — “4n-5

Fig. 7 Nomenclature of the ions formed during peptide fragmentation. In a typical MS/MS
experiment via CID reactions, y and b ions are predominant. These two types are used for
computer-assisted peptide identification. Through the loss of CO fragment, a ions can be
produced from b ions. While not important for identification, a ion series can be used for
independent result validation. Other types of ions are not produced in CID reactions.
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ions that retain their charge on the C-
terminal part after fragmentation of the
precursor are called b ions. The subscript
to the right of b and y symbols equals
the number of amino acid residues in
the corresponding fragment. The differ-
ence in m/z values between consecutive
ions within a given series corresponds
to the difference in the sequences of the
two fragments. Because the consecutive
ions within a series represent peptide frag-
ments that differ in exactly one amino
acid, and each amino acid residue has
a unique nominal weight (except I and
L), the pattern of m/z values of y and
b ions corresponds to the amino acid
sequence of the precursor peptide. Un-
fortunately, some expected peaks could be
missing from the MS/MS. Additionally,
experimental spectra can be complicated
by unwanted fragmentation. Also, it is
not always possible to unambiguously de-
termine from which series a particular
ion fragment comes. For these reasons,
manual interpretation of MS/MS spec-
tra can be tedious and ineffective. As a
consequence, de novo sequencing is rarely
done in high-throughput proteomics ex-
periments. Instead of direct interpretation
of the MS/MS spectra, computer programs
that find the best matches to the spectra
from a database are used.

Typical example of an algorithm that
finds best matches to MS spectra is SE-
QUEST software package developed by
Eng etal. Analysis of MS data by SE-
QUEST starts with reduction of tandem
spectra complexity. Only a certain number
of most abundant ions are considered and
the rest are discarded. Also, the unfrag-
mented precursor ion is removed from the
spectra in order to prevent its misiden-
tification as a fragment. Next, SEQUEST
selects sequences from a database. First,
SEQUEST creates list of peptides that have

masses at or near the mass of the precursor
ion. Second, SEQUEST generates virtual
MS/MS spectrum for each of the candidate
and compares them to the observed spec-
trum. As the result of this comparison, a
cross correlation score is produced (Xcorr).
Another score, DeltaCN, reflects the differ-
ence in correlation of the second ranked
match from the first one. The higher this
score is, the more likely it is that the first
match is the correct one.

SEQUEST also has the ability to de-
tect posttranslational modifications. In
this case, SEQUEST looks for increased
masses of amino acids. For example, cys-
teines are typically carboxymethylated by
iodoacetomide prior to enzymatic diges-
tion. In this case, masses of all cysteine
residues are considered to increase by
57 Da. To look for amino acids that
can be either modified or not modi-
fied, the database size is increased by
allowing different weights to represent
the same amino acid. Unfortunately, only
known posttranslational modification can
be detected by SEQUEST - the types of
modifications that are being looked at
need to be explicitly specified in input
parameters.

Another useful technique for peptide
identification is sequence tag. This tech-
nique is implemented in algorithms
such as GutenTag. In GutenTag, a par-
tial sequence is inferred directly from
the tandem spectrum, and then the
database is searched for matches that
include this partial sequence and that
match the masses on C- and N-sides
of the fragment. Importantly, GutenTag
method is error-tolerant, and allows detec-
tion of unknown posttranslational mod-
ifications. A recent variation of this
method, MultiTag also allows protein
identification from organisms with unse-
quenced genomes.
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2
Quantitative Methods of Proteome Analysis
Using MS

Quantitative proteome analysis aims at
large-scale identification of differences in
protein expression. Two-dimensional dif-
ference gel electrophoresis (2D-DIGE) is
one of the techniques that can achieve
that aim. Recent example of application
of this technique is the report by Fried-
man etal. The authors used 2D-DIGE
in combination with MALDI-TOF to ana-
lyze the proteome of human colon cancer.
However, while acknowledging the impor-
tance of the gel-based methods in modern
quantitative proteomics, we believe that
methods based on multidimensional chro-
matography have greater potential, and
therefore, we limit our further discussion
to quantitation within the LC/LC/MS/MS
paradigm.

Even though absolute quantification (i.e.
clear relationship between the peak in-
tensity and amount of the analyte) is a
challenge for modern mass spectrometers,
methods of finding relative abundances
exist. These methods are based on label-
ing through mass modifications of the
whole proteome or some of its subsets.
Labeling through mass modification is
particularly suited for quantitative analysis
in differential expression profiling, where
two states under study are differentially
labeled via “light” or “heavy” mass mod-
ifications. Figure 8 schematically depicts
a quantitative proteomics approach. Mass
modification can be introduced at different
steps in the sample preparation — during
growth, after growth, during digestion,
or after digestion. Labeling at the early
stages of sample preparation minimizes
losses of the analytes. Instrumentation
for quantitative studies is essentially the
same as instrumentation for qualitative

studies. Nevertheless, quantitative analy-
sis is more laborious and typically achieves
lower proteome coverage. Also, quanti-
tative methods in proteomics are still at
the stage of development and are not as
broadly applied as qualitative methods.

2.1
Metabolic Labeling

Widely used in structural biology to pre-
pare samples for analysis by nuclear mag-
netic resonance (NMR) analysis, metabolic
labeling methods have become useful
quantitative proteomics tools. Metabolic la-
beling is a mass modification method that
is done very early in the experiment — at
the stage of cell growth. Figure 8 illus-
trates the principle behind this strategy.
The goal is to compare protein abundances
in cells grown at different conditions. To
do this, the growth media from one of
the conditions is enriched in stable low-
abundant isotopes. The enrichment can
be done either by labeling all amino acids
by I°N, or by supplementation with a sin-
gle labeled amino acid. The processed and
digested cell extracts from the two different
conditions are combined in a one-to-one
ratio and analyzed by liquid-phase/MS/MS
methods. In the resultant MS spectra,
peaks corresponding to the same peptide
from different conditions are offset accord-
ing to the degree of labeling. The ratio
between the two peaks corresponds to the
difference in abundances.

The first demonstrations of metabolic
labeling in quantitative proteomics used
gel electrophoresis and spot excision as
the protein isolation method. For exam-
ple, Oda et al. identified proteins that were
altered in expression between two strains
of S. cerevisiae grown in N or >N me-
dia, and determined the phosphorylation
levels of a specific protein in the same
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Fig. 8 Quantitative proteomics approach. When carrying out a
quantitative proteomic analysis, the key is for the same peptide
from two unique growth conditions to have unique masses
when being analyzed by a mass spectrometer. “Heavy” and
“light”” peptides may be generated at many points in a sample
preparation pathway. Metabolic labeling introduces a label
during the growth of the organism and is therefore the earliest
point of introduction of “heavy” and “light” labels. Metabolic
labeling is followed by ICAT, digestion in 'O and "0 water,
and lastly postdigestion labeling. Only after a label has been
introduced can the samples be mixed and further processed.
Figure and figure legend are reproduced from Washburn, M.P.,
Ulaszek, R., Deciu, C., Schieltz, D.M., Yates, J.R. Ill (2002)
Analysis of quantitative proteomic data generated via

multidimensional protein identification technology, Anal. Chem.

74,1650-1657 by permission of Analytical Chemistry.
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sample. Complete metabolic labeling has
been demonstrated using chromatography
based proteomics methods on D. radiodu-
rans, mouse B16 cells, and on S. cerevisiae.

In addition, isotopically enriched single
amino acids may be used for the selective
metabolic labeling of a cell type for
a quantitative proteomic analysis. In S.
cerevisige, Jiang et al. have described the
single amino acid isotopic enrichment
of S. cerevisiae with Dio-Leu, and Berger
et al. described the comparative analysis of
S. cerevisige cultured in media containing
either 13C-Lys or unlabeled lysine. Stable
isotope labeling by amino acids in cell
culture (SILAC) was explored as an
alternative to N labeling. Ong etal.
studied mammalian cells grown either
with deuterated or nondeuterated leucine.
Importantly, parameters such as cell
morphology, doubling time, and ability to
differentiate did not change in deuterated
sample compared to nondeuterated one.
The authors used this technique to study
changes in protein expression induced by
muscle cell differentiation. The authors
reported that glyceraldehyde-3-phosphate
dehydrogenase, fibronectin, and pyruvate
kinase M2 were upregulated. Another
approach to metabolic labeling is the rare
isotope depletion of the growth media
from one of the conditions under study.
If the rare isotopes are removed, then
one expects m/z distributions to shift
to the lighter values. With conventional
instrumentation, this could work for
large proteins. However, high-resolution
instrumentation like FTCIR must be used
to analyze peptide mixtures.

2.2
Isotope Coded Affinity Tags

Metabolic labeling with stable isotopes
while analytically advantageous to other

methods is available only in cases when
studied cells or organisms are cultivable.
For this reason, metabolic labeling is
not suitable for diagnostic and clinical
applications. When cultivation or control-
ling growth is difficult, different strate-
gies need to be used for quantitative
proteome analysis. One of the possi-
ble approaches is the method that uses
cysteine-specific reagents — isotope coded
affinity tags (ICATs) —to differentially la-
bel proteomics samples. ICATs have three
functional elements: cysteine-specific re-
active group, isotopically labeled linker,
and affinity group (Fig.9). For the com-
parative analysis, the cysteine residues in
samples are separately labeled with either
labeled or unlabeled ICAT. The derivatized
samples are then combined in a one-to-
one ratio and digested with a protease
resulting in both labeled and unlabeled
peptide fragments. The labeled peptide
fragments are then purified by affinity
chromatography, fractionated by reversed-
phase chromatography and analyzed by
tandem mass spectrometry, which pro-
vides both qualitative analysis and the
relative abundance of the peptide isoforms
in the samples. The MS analysis is analo-
gous to metabolic labeling case — ratio of
“heavy” to “light” peptide ions correlates
with their relative abundance. Also, the
ICAT approach has the obvious concep-
tual limitation — only peptides that contain
cysteine can be detected. It has been shown
that in yeast only ~10% of all tryptic
peptides contain cysteine. Therefore, full
sequence coverage may not be possible
even for the most abundant proteins.
Significant improvement to the ICAT
method is the cleavable ICAT (cICAT),
which is presently supplied by Applied
Biosystems in a kit format. The cICAT
reagent has four essential structural ele-
ments. The first is a protein reactive group
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Fig. 9 Structure of isotope coded affinity o . Thiol
tags. The ICAT reagent consists of a biotin Biotin Linker reactive
group linked to a cysteine reactive group. —*—— —r

The linker may be deuterated eight times

0
or protonated at each site allowing for the H NH X
generation of Do- or Dg-ICAT. The o X X 0]
differential masses of the linker grou O X )k/l
) group. N o/\/ o N
allow for the use of ICAT in a quantitative X H
S H X X%

proteomic scheme. The figure and figure
legend have been reproduced from
Hunter, T.C., Washburn, M.P. (2003) The
integration of chromatography and
peptide mass modification for
quantitative proteomics, J. Lig Chromat.
Rel. Technol. 26, 2285-2301 by
permission of Marcel Dekker, Inc.

(lodoacetamide) that covalently links the
isotope-coded affinity tag to the protein
through alkylation of cysteines. The sec-
ond structural element is the biotin affinity
tag that allows enrichment of the tagged
peptides. The third is an isotopically la-
beled linker (C19H17N303). Nine carbon
atoms of the linker can be either 2C or 13C
giving light and heavy version of the tag re-
spectively. The light and heavy molecules
have the same chromatographic proper-
ties, but differ in mass (9 Da). Once the
sample is subjected to mass spectrometric
analysis, the ratio of intensities between
heavy and light peptides provides a rel-
ative quantitation of the proteins in the
original sample. The fourth structural el-
ement of cICAT is an acid cleavage site
that allows removal of part of the tag prior
to MS analysis. After avidin-affinity pu-
rification of the cICAT-labeled peptides,
biotin portion of the label and part of the
linker can be removed by adding triflu-
oroacetic acid. This reduces the overall
mass of the tag on the peptides and im-
proves the overall peptide fragmentation
efficiency.

The ICAT methodology has been suc-
cessfully applied to a variety of biological
questions including studies of several cell

X = hydrogen (light) or deuterium (heavy)

types, organelles, and different classes of
proteins. Quantitative proteomic analysis
via ICAT has been coupled with cDNA
array analysis to investigate the galactose
utilization pathway in S. cerevisiae and to
investigate the mRNA and protein expres-
sion changes brought about by culturing
S. cerevisiae in either galactose or ethanol.
In addition, ICAT detected changes in pro-
tein expression of peripheral and integral
membrane proteins by analyzing the effect
on 12-phorbol 13-myristate acetate on the
microsomes of HL-60 cells. Of all non-gel-
based quantitative proteomic strategies,
ICAT is the most mature as demonstrated
by the successful use of ICAT in biologi-
cally driven analyses.

2.3
180 Labeling

The global modification of all proteolytic
peptides in a mixture may be carried out via
the labeling of carboxyl groups that occurs
through incorporation of 80 from H'®0
during proteolytic hydrolysis (Fig. 10). In
order to introduce a 4-Da mass shift into
the C-terminus of a peptide, proteins may
be digested in the presence of H,'80.
Proteases like trypsin will carry out this
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Fig. 10 C-terminal digestion modification with '20. 180 may be incorporated into the
C-terminus of a peptide during digestion with enzymes such as trypsin, endoproteinase
Lys-C, and endoproteinase Glu-C. A simplified version of this reaction scheme is shown.

(1) To begin, the peptide needs to be digested in '®OH; in order to then incorporate '30. The
serine in the active site of the proteases listed attacks the carbonyl carbon in a peptide bond.
(2) Next, "8OHj attacks the protein—protease intermediate also at the carbonyl carbon
displacing the NH group on the peptide bond. (3) As a result, a peptide with a single 30 has

been generated. (4) A repeat of steps (1) and (2) is needed to drive the reaction to
completion as shown in (5) where two atoms of 120 have now been incorporated into the
peptide C-terminus. Labeling of one sample with 130 by digesting in '2OH; and mixing this
with the other sample digested in 180 depleted water allows for the determination of the
relative abundance of peptides from a mixture. Figure and figure legend is reproduced from
Hunter and Washburn (2003) by permission of Marcel Dekker, Inc.

reaction during the process of enzymatic
cleavage. By mixing a sample with proteins
digested in the presence of O and the
absence of '¥0, a pairwise comparison
may be made to determine the relative
abundance of peptides in a sample.

2.4
Postdigestion Labeling

There are several alternatives to the
residue-specific modification of cysteine,
which include methods for differential
modification of lysine and O-phosphory-
lated serine residues. The phosphopro-
tein isotope coded affinity tag (PhIAT)
method has been shown to be capable of

enriching and identifying mixtures of low-
abundance phosphopeptides. The PhIAT
method uses a chemical modification
of phosphorylated serine and threonine
residues to cysteine before introduction
of a standard ICAT reagent. The mass-
coded abundance tag (MCAT) approach
uses a residue-specific modification lysine
residues by O-methylisourea to introduce a
differential tag. In addition, 2-methoxy-4,5-
dihydro-1H-imidizole has also been used
to modify lysine residues for the pur-
pose of introducing a differential mass
tag.

The N/C termini of peptides after
digestion may also be labeled through a va-
riety of means. A C-terminal modification
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method is methyl esterification of carboxyl
groups using either methanolic HCI or
the deuterated analog. In this case, mul-
tiple sites in a peptide may be modified
with labels introduced at aspartic acids,
glutamic acids, and C-termini. The N-
terminal labeling of tryptic peptides with
N-hydroxysuccinimide or 1-Nicotinoyloxy-
succinimide esters and their stable iso-
tope analogs is another approach that
can be potentially used for quantita-
tive proteomic analyses. In fact, cou-
pling 80 labeling and N-terminal la-
beling methods for protein expression
profiling produced more comprehensive
results than when either method was used
alone.

2.5
Global mRNA and Protein Expression
Analyses

An emerging application of quantitative
proteomics approaches includes the large-
scale analysis of protein expression cor-
related to large-scale mRNA expression
analyses. In three independent compar-
isons of mRNA and protein levels in
Saccharomyces cerevisiae, overall partial
positive Spearman rank correlation coef-
ficients ranging between 0.21, 0.45, and
0.57 were obtained. These studies em-
ployed ICAT, chromatography, and mass
spectrometry, >N labeling and MudPIT
or chemiluminescence of SDS-PAGE ap-
proaches to determine protein expression
levels in cells grown under different con-
ditions in each study. In all likelihood, this
pattern of partial positive correlation be-
tween mRNA and protein expression levels
could be expected to persist under a variety
of conditions in S. cerevisiae. When these
approaches begin to be globally applied to
other organisms, it will be interesting to
see if this trend persists.

3
Specific Examples of Applications

3.1
Global Proteome Sampling

The goal of global proteome sampling is
the simultaneous identification of proteins
in a cell or tissue at a given condition.
Data obtained in such experiments can
be further used to answer more specific
biological questions, such as difference
between healthy and pathological states.
Typically, the proteins are identified by
mass spectrometry and are grouped into
functional categories.

3.1.1 Global Proteome Sampling Based on
2D Page

Global proteome analysis by 2D PAGE
method is difficult because each spot
needs to be picked and identified indi-
vidually, thus increasing time and cost of
the analysis. Also, as we discussed ear-
lier, 2D PAGE separation suffers from
biases — certain classes of proteins, such
as hydrophobic or those of high molec-
ular weight are difficult to detect. Apart
from these limitations, 2D PAGE ap-
proach has an important advantage over
other methods —it easily resolves pro-
tein isoforms.

In their analysis of Haemophilus in-
fluenzae proteome, Langen etal. used
several techniques to maximize the 2D
PAGE performance. To increase the
proteome coverage, they used immobi-
lized pH gradient strips covering sev-
eral pH regions. Also, to visualize low-
copy-number proteins, the authors per-
formed a series of protein extractions,
such as heparin chromatography, chro-
matofocusing, and hydrophobic interac-
tion chromatography. In order to detect
cell-envelope-bound proteins, the authors
used immobilized pH gradient strips in
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combination with a two-detergent sys-
tem with a cationic detergent in the first
and an anionic detergent in the second
dimensions. The isolated proteins were
identified by MALDI/MS and peptide
fingerprinting. As a result, 502 unique
proteins were identified (about 30% of
all ORFs)

Analysis of the mouse brain proteome
performed by Klose et al. provides a good
illustration of what 2D PAGE can do for
the global proteome sampling type of ex-
periments. By using 2D PAGE, the authors
performed comparative analysis of the two
distantly related mouse strains, Mus mus-
culus C57Bl1/6 (B6) and Mus spretus (SPR).
About 8700 proteins from the cytosolic
fraction of brain proteome were compared
between the two species. By analyzing 2D
PAGE of B6 and SPR strains, as well as of
F1 (B6 x SPR) and B; (F1 x SPR) hybrids,
the authors detected 1324 species-specific
polymorphisms. Among these, 466 pro-
teins were identified by MALDI-TOF/MS
using peptide mass fingerprinting. To
detect the polymorphisms, the authors
considered variations in electrophoretic
mobility, spot intensity, and the num-
ber of different isoforms corresponding
to one protein. Additionally, through the
analysis of F; and B; generations, the au-
thors established which polymorphisms
were genetically dominant. The key fea-
ture that enabled this comprehensive
study was the high quality of the 2D
PAGE. To analyze the mouse brain pro-
teome, the authors used the large-gel
2D PAGE, which employs IEF gel in-
cubation, and large (46 x 30 cm) format.
Implemented in this way, the 2D PAGE
gives both high resolution and high sen-
sitivity — more than 10000 protein spots
from mouse tissues can be visualized
simultaneously.

3.1.2 Global Proteome Sampling Based on
Multidimensional LC

When it is necessary to catalog proteins
present in a cell or an organism in a given
environmental context, the multidimen-
sional LC separation of peptide mixtures
followed by MS/MS is the most conve-
nient method to use. While it is not
as good at determining protein isoforms
and posttranslational modifications as 2D
PAGE, the biases in proteome coverage are
greatly reduced.

Florens etal. performed proteomics
studies of the life cycle of the human
pathogen Plasmodium falciparum (malaria)
life cycle. The authors identified 2415 pro-
teins and assigned them to functional
groups at four stages of the cycles (sporo-
zoites, merozoites, trophozoites, and ga-
metocytes). The sporozoite is the form
in which P. falciparum is injected by a
mosquito. The merozoite is the form that
invades erythrocytes. The trophozoite is
the form that multiplies in the erythro-
cytes. The gametocyte is the sexual stage of
malaria parasite life cycle. The analysis was
performed by MudPIT. The authors found
that about 50% of sporozoite proteins
were unique to that stage. In sporozoites,
about 25% were shared with any other
stage. Trophozoites, merozoites, and ga-
metocytes had 20 to 30% unique proteins
and they had 40 to 60% of their proteins
shared. Only 6% of all identified proteins
were shared between all four stages, which
were mainly histones, ribosomal proteins,
and transcription factors. Out of the 2415
identified proteins, 51% were previously
annotated as hypothetical.

Koller etal. used both 2D PAGE and
MudPIT to analyze Oryza sativa (rice) pro-
teome. The analyses were performed on
the protein extracts from leaf, root, and
seed tissue. The goal of this study was
to determine tissue-specific expression of
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proteins. 2D PAGE separation followed by
MS/MS yielded 556 unique protein iden-
tifications, comprising 348 proteins from
leaf, 199 from root, and 152 from seed.
MudPIT analysis resulted in significantly
larger coverage: 2363 total proteins, with
867 from leaf, 1292 from root, and 822
from seed. A total of 165 proteins were
uniquely detected by 2D PAGE, whereas
1972 proteins were uniquely detected by
MudPIT. Next, the authors searched the
nonredundant protein database by BLAST
and grouped the identified proteins into
functional categories. The largest category
(32.8%) included proteins that had no ho-
mology to the predicted proteins. Proteins
classified as involved in metabolism com-
prised 20.8% of all identified proteins. Out
of the 2528 detected proteins, 189 were
shared among all three tissues. These
included housekeeping proteins that are
involved in transcription, mRNA biosyn-
thesis, translation, and protein degrada-
tion. However, most of the proteins had
tissue-specific expression: 622 specific to
leaf, 862 specific to root, and 512 specific
to seeds.

To characterize the proteome of S.
cerevisige mitochondria, Sickmann etal.
combined four separation methods: IEF-
incubated 2D PAGE; digestion with four
different proteases, followed by multidi-
mensional LC/MS/MS; SDS/PAGE com-
bined with multidimensional LC/MS/MS;
treatment of mitochondria with trypsin,
followed by SDS/PAGE or HPLC and
MS/MS. The authors identified a total of
750 mitochondrial proteins. When classi-
fied into functional categories, 24.9% of
all the identified proteins were of un-
known function, 24.9% were involved in
genome maintenance and gene expres-
sion, and 14.1% were involved in energy
metabolism. The rest of the identified

proteins were involved in metabolism,
transport, and cell rescue.

3.1.3 MS-assisted Disease Diagnosis from
Serum Samples

Proteomics technologies recently emerged
as a useful tool in clinical disease diag-
nosis. For example, Petricoin et al. used
surface-enhanced laser desorption ion-
ization time-of-flight (SELDI-TOF) and
artificial-intelligence-based informatics al-
gorithms to discriminate between control
group and ovarian cancer patients. First,
the authors generated a preliminary train-
ing set of mass spectra derived from 50
unaffected women and 50 women with
ovarian cancer. Next, they used an itera-
tive searching algorithm to find the best
discriminatory pattern amongst these MS
data. As a result, the algorithm correctly
identified all cancer cases in the masked
set. Additionally, out of 66 cases of ma-
lignant disease, only 3 were recognized as
cancer (false-positives). Thus, the study by
Petricoin et al. demonstrated good sensi-
tivity and predictive power of MS-based
proteomics when applied to clinical dis-
ease diagnosis. For further information on
this subject, we refer the interested reader
to the comprehensive review by Rosen-
blatt et al.

3.2
Analysis of Protein Modifications by Mass
Spectrometry

In living organisms, protein activity is
regulated mainly by covalent modifica-
tions, which occur either co- or post-
translationally. Identification of types of
modifications and their locations is often
a necessary requirement for an under-
standing of the regulation and function
of a given protein. There are hundreds
of known protein modifications. Among
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these, phosphorylation is, perhaps, the
most important and widespread — about
one-third of all proteins from mammalian
genomes are thought to be phospho-
rylated. Another functionally important
modification is glycosylation — glycosylat-
ed proteins are ubiquitous components of
cellular surfaces where their oligosaccha-
ride groups participate in a wide range
of cell-cell recognition events. Compre-
hensive analysis of glycosylated proteins
is more challenging than analysis of other
modifications, mainly because the struc-
ture of oligosaccharide varies.

Other commonly occurring modifica-
tions that are involved in protein regu-
lation and function are disulfide bonds,
acetylations, and ubiquitinations. Some of
these and other modifications are listed in
Table 2. Changesin a protein length, either
as a result of alternative splicing or protein
truncations, also may be considered as pro-
tein modifications. Generally, it is difficult
to identify protein truncations by methods
that deal with protein/peptide mixtures,
and often purification down to individual
proteins is required in such cases (e.g. by
2D PAGE).

Tab.2 Common protein modification.

Currently available methods of large-
scale analysis of modified proteins can
be grouped into two major classes: those
that use sample enrichment or chemical
treatment prior to MS, and those that rely
on MS data alone. Enrichment methods
include affinity purification, chemical tag-
ging followed by affinity purification, and
immunoprecipitation. MS methods of de-
tection and identification of modified pep-
tides include neutral loss scan, precursor
ion scan, postsource decay, and others.

Sometimes it is of special interest to
obtain information on several types of
modifications at once. If that is the case,
computer programs such as GutenTag (see
Sect. 2) can be used to analyze MS/MS
data. Additionally, if mass changes intro-
duced by modifications are known, the
search for modified proteins can be done
by SEQUEST with input parameters mod-
ified in accordance with the mass changes.
However, generally, itis difficult to analyze
modified peptides in the background of
nonmodified peptides. Therefore, when it
is clear what type of modification needs to
be analyzed, the fractionation steps that en-
rich that particular modification need to be
introduced into the experimental scheme.

Modification Monoisotopic/average mass change
Phosphorylation? +79.9663/79.9799

Acetylation +42.0106/42.0373
N-acetylglucosamine (GlcNAc)? +203.0794/203.1950

Disulfide bond —2.01565/2.0159

Methylation +14.0157/14.0269

Hydroxylation
Oxidation of methionine
Ubiquitination of lysines

+15.9949/15.9994
415.9949/15.9994
+114.0429/114.1040P

2Qccurs on tyrosine, serine, threonine. Widespread throughout the proteome.
Functions include protein regulation, signal transduction.
bMass change is due to Gly—Gly residue, which is left on ubiquitinated lysines

after trypsin digestion.
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Below we discuss several illustrative
examples of analysis of phosphorylated,
glycosylated, and ubiquitinated proteins
from recent literature. In addition, tools
and techniques used in analysis of phos-
phorylation are generally applicable to
analysis of many other modifications such
as methylation and acetylation, while anal-
ysis of glycosylation poses additional an-
alytical and instrumental challenges due
to variability in structures of oligosaccha-
ride groups. Ubiquitination, while not as
frequent as phospho- and glyco modifica-
tions, is important for protein degradation
in proteasomes.

3.2.1 Phosphorylated Proteins
Main tools in large-scale identification of
phosphoproteins are enrichment by im-
mobilized metal affinity chromatography
(IMAC), chemical tagging, and immuno-
precipitation by phosphor-specific antibod-
ies. IMAC technology is based on methods
developed by Andersson etal. and relies
on interaction of phosphate group with
immobilized Fe** ions. Ficarro et al. used
IMAC combined with LC/MS/MS to char-
acterize the phosphorylated portion of the
yeast proteome. The authors showed that
carboxylic acid interfered with IMAC pu-
rification, and needed to be protected. The
protection was achieved by esterification
with methanol in the presence of HCL
Phosphorylated tryptic peptides were iden-
tified via SEQUEST. From the whole cell
lysate, Ficarro etal. detected more than
1000 phosphopeptides. From these, 383
sites of phosphorylation were determined.
A potential improvement to this analysis
would be the use of other proteinases in
parallel with trypsin to increase the se-
quence coverage.

An enrichment technique that could
also complement IMAC is immunopre-
cipitation with antibodies that bind to

any protein that contain phosphorylated
residues. While antibodies exist for phos-
phorylated serine, threonine, and tyrosine,
only the anti-phosphotyrosine antibody
binds strongly enough to allow enrich-
ment. Pandey et al. used phosphotyrosine
immunoprecipitation to study phosphory-
lation in HelLa cells in response to epi-
dermal growth factor (EGF). The phospho-
peptides were immunoprecipitated from
untreated and EGF-treated cell lysates and
resolved by electrophoresis. Individual gel
bands were excised and studied by MALDI-
MS and ESI-MS/MS. As a result, the
authors identified Vav-2 as a substrate of
EGF-receptor.

A report by Salomon et al. also gives a
nice demonstration of analysis of phos-
phorylation in human cells. The authors
used phosphotyrosine immunoprecipita-
tion along with methyl esterification and
IMAC combined with multidimensional
LC/MS to assess tyrosine phosphoryla-
tion that occurs over time in myelogenous
leukemia cells in response to treatment.
The authors reported identification of 64
unique tyrosine phosphorylation sites in
32 proteins.

In another report by Ficarro etal., the
authors used anti-phosphotyrosine im-
munoblots to study capacitation of human
sperm. Capacitation is a cCAMP-dependent
process that is necessary for fertilization.
The authors performed a comparative
analysis of capacitated versus noncapaci-
tated sperm. First, they separated sperm
proteins by 2D PAGE followed by west-
ern blotting with anti-phosphotyrosine
antibodies. In the next step, they ex-
cised and digested spots that exhibited
phosphorylation, followed by IMAC to en-
rich for phosphopeptides with subsequent
MS/MS analysis. As a result, the au-
thors pinpointed several proteins that un-
dergo phosphorylation upon capacitation
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of the sperm. Additionally, the authors
used differential isotopic labeling to quan-
tify the phosphorylation. The labeling
was achieved at the stage of protect-
ing the carboxy groups prior to IMAC,
by treatment of the peptide mixtures
from capacitated and noncapacitated di-
gests with CD30D/DCl and CH30H/HCI
respectively. These two peptide mixtures
were further combined in one-to-one ratio
and analyzed by IMAC/LC/MS/MS. As
a result of this quantitation, the au-
thors found 20 unique peptides that
exhibited different phosphorylation lev-
els between capacitated and noncapaci-
tated sperm.

Metabolic labeling strategy was first
described to quantitate changes in phos-
phorylation. In this approach, cells from
two batches that have potentially dif-
ferent levels of phosphorylated proteins
are metabolically labeled with N'* and
N, Next, the cells are lysed; the
target proteins are purified, digested,
and analyzed by MS. Changes in peak
intensities that correspond to modi-
fied and unmodified peptides from the
two conditions provide quantitation of
phosphorylation.

Another way to quantitate phosphory-
lation levels is to use modified ICAT
strategy. In this approach, the phos-
phate groups in phosphopeptides de-
rived from two different conditions are
chemically replaced with either labeled
or unlabeled tags. The tagging involves
the following steps: (1) beta-elimination
of the phosphate groups; (2) addition of
1,2-ethanedithiol containing either four
hydrogens (EDT-Dg) or four deuteriums
(EDT-D4); (3) biotinylation of the EDT
group using (+)-biotinyl-iodoacetamidyl-
3,6-dioxaoctanediamine. The tagged pep-
tides are further affinity purified by avidin
column and analyzed by LC/MS.

3.2.2 Glycosylated Proteins

The importance of protein glycosylation,
especially during cell-cell communication
in multicellular organisms, is often ac-
knowledged by using the terms glycobiology
and glycomics. Owing to a wide range of
possible polysaccharide structures, analy-
sis of glycosylation is not as straightfor-
ward as analysis of other posttranslational
modification. Currently, there are no satis-
factory methods for global, proteome-wide
analysis of all glycoprotein forms. It is
possible, however, to characterize gly-
coproteins with glycogroups of constant
structure. It is also possible to globally
map glycosylation sites.

As an example, consider a broad re-
search question such as to identify
and characterize glycosylated proteins in
a given biological system. In such a
case, hypothetical analysis could include
the following steps: (1) proteolytic diges-
tion; (2) enrichment for glycopeptides;
(3) identification of glycopeptides by MS
and MS/MS; (4) structure determination
of polysaccharide groups by MS”. Alter-
natively, one could also separate proteins
by 2D PAGE, and use glycospecific stain-
ing methods to identify spots of interest.
Also, during the MS part of analyses,
it could be useful to separate constant
glyco structures from the variable ones,
as well as N-linked from O-linked ones.
One of the problems in analysis of gly-
copeptides is that glycogroups are very
labile. Because of this lability, peptide frag-
mentation in CID reactions is reduced,
thus making sequencing by MS/MS more
difficult. An alternative way is to chemi-
cally (e.g. with beta-elimination of O-linked
oligosaccharides) or enzymatically (e.g.
with N-glycosidase F) remove glycogroups
prior to analysis and to use chemi-
cal tags.
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In eukaryotes, the most widespread con-
stant type of glycosylation is O-linked
N-acetylglucosamine (O-GlcNAc), which
is found on many nuclear and cyto-
plasmic proteins. Glycosylation of serine
and threonine residues by O-GlcNAc is
believed to compete with and comple-
ment phosphorylation in mediating pro-
tein—protein interactions. The proteins
that are glycosylated by O-GlcNAc in-
clude RNA polymerase II, transcription
factors, chromatin-associated proteins,
nuclear pore proteins, protooncogenes,
tumor suppressors, and proteins involved
in translation.

Because O-GlcNAc and phospho groups
modify essentially the same amino acids,
itis of special interest to establish methods
that can characterize these modifications
simultaneously. In this pursuit, Wells
et al. developed a method based on beta-
elimination followed by Michael addition
(BEMAD) of dithiothreitol (DTT) or bi-
otine pentylamine (BAP). This method
relies on the fact that O-GlcNAc groups
are more prone to elimination than phos-
phate groups. With the right conditions of
elimination, O-GlcNAc can be tagged se-
lectively. The DTT and BAP tags also allow
enrichment by affinity chromatography
and are stable in MS/MS fragmenta-
tion, thus allowing identification of the
modified sites. First, the authors tested
their method on synthetic peptides, and
then they performed analysis of several
biological samples: Synapsin I from rat
brain and nuclear pore complex (NPC). In
Synapsin I, three novel O-GlcNAc sites, as
well as three previously known sites were
mapped, thus validating the method. In
the nuclear pore complex, BEMAD also
mapped novel O-GlcNAc sites in Lamin
B receptor and Nupl55. Using BEMAD
along with modification-specific antibod-
ies and enzymes, the authors were able to

distinguish between O-GlcNAc- and phos-
phopeptides.

During CID reactions, oligosaccharide
moieties fragment mainly at glycosidic
bonds. This fact potentially allows discern-
ing of a primary structure of an oligosac-
charide in MS" experiments. While tech-
nology for a large-scale structural anal-
ysis of glycoforms is not developed yet,
oligosaccharide structure determination is
certainly possible for individually isolated
glycopeptides. Notable examples include
characterization of lipooligosaccharides
from Haemophilus influenzae and Neisseria
gonorrhoeae.

3.2.3 Ubiquitinated Proteins
Degradation of proteins in living organ-
isms is a complex, highly regulated pro-
cess, which plays important roles in many
cellular pathways. The first step in protein
degradation is the attachment of ubiquitin
moieties to lysines of the substrate. The
second step is proteolysis of the tagged pro-
tein by proteasome. Given the importance
of this posttranslational modification, it is
surprising that the report by Peng etal.
is perhaps the only paper in the litera-
ture that addresses large-scale analysis of
protein ubiquitination.

Peng etal. described a systematic ap-
proach based on LC/LC/MS/MS to an-
alyze protein ubiquitination in yeast. In
this pursuit, Peng etal. expressed His-
tagged ubiquitin in S. cerevisiae cells fol-
lowed by purification over Ni-chelating
resin. Denaturing conditions were used
at the enrichment step in order to min-
imize copurification of proteins that are
not ubiquitinated, but form complexes
with ubiquitin. The enriched ubiquitinated
proteins were digested with trypsin and
analyzed by SCX/RP/MS/MS followed by
identification by SEQUEST. The tryptic
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digestion of ubiquitinated peptides results
in glycine—glycine fragments at the sites of
modification. The corresponding increase
in mass by 114 Da of the modified lysine
residues allows localization of the sites of
ubiquitination. As a result, the authors
identified 110 ubiquitination sites present
in 72 ubiquitinated proteins. However,
some of the known ubiquitinations were
not detected. This is probably due to the
fact that the method is biased toward more
abundant species. Indeed, precise local-
ization of a posttranslational modification
via SEQUEST requires a high sequence
coverage. As a consequence, in their anal-
ysis, Peng etal. identified 1075 proteins
totally after Ni-resin purification, but were
able to confirm ubiquitination in only 10%
of them.

33
Analysis of Protein—Protein Interactions by
Mass Spectrometry

In a cell, proteins exert their functions
through interactions with other proteins.
Proteomics methods developed in the past
few years can be applied directly to the anal-
ysis of the protein—protein interactions
and protein complexes. Protein—protein
interactions can be studied either on
the level of individual protein complexes,
or on the level of the whole proteome.
Examples of different types of analyses
include the possibility of predicting inter-
actions from amino acid sequence, focused
mass spectrometric analyses of individual
multiprotein complexes: yeast ribosome,
SAGA-like complex (SLIK), Pol II preiniti-
ation complex (PIC), nuclear pore complex
(NPC), and proteome-wide analyses of
protein—protein interactions. In addition,
quantitative proteomic methods may be
used to analyze the dynamics of pro-
tein complexes.

3.3.1 Computational Methods of
Protein—Protein Interaction Prediction

To some degree, protein—protein inter-
actions can be deduced indirectly from
the amino acid sequences. In this pursuit,
Bock etal. created a learning algorithm
that was trained to recognize and predict
protein—protein interactions. The training
was achieved on the experimentally known
interactions from a variety of organisms.
As an outcome of the training, the deci-
sion function was constructed, which was
statistically evaluated using unseen test
data. As a result, on average, about 80%
of the interactions were predicted accu-
rately from the unseen datasets. Obviously,
computational methods alone do not give
exhaustive description and the obtained
results need to be validated experimen-
tally. Nevertheless, the interaction datasets
obtained in silico provide useful reference
points for experimental types of analyses.

3.3.2  Yeast 2-hybrid Arrays

One of the most common approaches
to analyze protein—protein interactions is
the yeast-2-hybrid (Y2H) screen, which
is a selection method that detects pro-
tein—protein interactions in the yeast nu-
cleus. This is a well-developed technique
that can be easily optimized for a high-
throughput analysis. The Y2H screen was
successfully applied to mapping of a large-
scale protein interaction network in the
yeast S. cerevisiae. The Y2H has a good res-
olution and can detect weak and transient
interactions. However, the Y2H method
detects only binary interactions between
proteins and may not be used to study
transcriptional activators. Another draw-
back of the Y2H is that interactions occur
in the nucleus, so that interactions for
many proteins take place out of their native
environment.
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3.3.3 Direct Analysis of Large Protein
Complexes; Composition of the Yeast
Ribosome

Link et al. employed multidimensional lig-
uid chromatography coupled with MS/MS
to study composition of the yeast ribo-
some. The authors named their method
direct analysis of large protein complexes, and
demonstrated its wide applicability. In this
study, the ribosomes were purified by su-
crose gradients and then denatured. Next,
the ribosomal RNA was removed, the ri-
bosomes were enzymatically digested, and
the digests were loaded on a 2D separation
column, consisting of the SCX and the RP
dimensions. After the separation, peptides
were eluted directly into the mass spec-
trometer for the MS/MS analysis. Finally,
SEQUEST algorithm was used to search
nucleotide databases and to match the
peptide fragmentation patterns. The au-
thors demonstrated the high-throughput
capacity of this approach — more than 100
proteins could be identified in a single ex-
periment. As a result of this study, new
protein components of yeast and human
40 S subunit were discovered.

3.3.4 Analysis of Multisubunit Protein
Complexes Involved in Ubiquitin-dependent
Proteolysis by Mass Spectrometry

In a number of reports, Deshaies etal.
(and references therein) used MS-based
strategies to characterize the composition
of various protein complexes involved in
proteolysis. The authors used sequential
epitope tagging, affinity purification, and
mass spectrometry (SEAM) to study reg-
ulation and function of SCF ubiquitin
ligases. In the application of this method,
SCF subunits Skpl and Cull were C-
terminally tagged with Myc epitope. Next,
the cells expressing the tagged proteins
were lysed, and the soluble fractions were
affinity purified, digested, and analyzed

by mass spectrometry. As a result, a
total of 16 Skpl- and Cull-interacting
proteins were detected. Several of these
proteins were not previously known, in-
cluding Hrtl, Ravl, and Rav2. These
new proteins were further subjected to
SEAM and this led to identification of
the new complex Ravl/Rav2/Skpl. Subse-
quently, it was found that Ravl/Rav2/Skpl
complex interacts with V1 component of V-
ATPase, the vacuolar membrane ATPase.
In different studies by biochemical meth-
ods, the authors further determined that
Rav1/Rav2/Skp1 regulates the assembly of
V-ATPase from V; and Vo domains.

The same group used multidimensional
protein identification technology (Mud-
PIT) to identify proteins that interact with
the 26 S proteasome. As it was introduced
in the previous sections of this chapter,
MudPIT allows analysis of immunopre-
cipitated fractions without a gel separa-
tion step. Instead, the immunoprecipitated
fractions are digested, and the peptide mix-
tures are separated in two dimensions
(SCX and RP) followed by MS analysis.
Using MudPIT, the authors identified ev-
ery known subunit within affinity-purified
26 S proteasome, as well as one subunit
that was not previously known. Addition-
ally, a set of proteins potentially interacting
with the proteasome (PIPs) was found.
By immunoblotting methods, six of these
PIPs were further confirmed to associate
with the proteasome.

3.3.5 Proteomics of the Nuclear Pore
Complex

MS-based protein identification is a use-
ful tool that can efficiently determine the
composition of a given multiprotein com-
plex. However, this method by itself does
not necessarily provide information on the
complex’s spatial architecture. Nor does
it directly answer questions about the
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multiprotein complex function. Therefore,
when such questions arise, the mass spec-
trometric tools need to be complemented
with other techniques, for example, im-
munoblotting, immunofluorescence, elec-
tron microscopy and so on. Several studies
of the nuclear pore complexes (NPCs) that
are discussed here give a good illustration
of these types of integrative strategies.

In the early 1990s, studies by three-
dimensional cryoelectron microscopy re-
vealed the basic shape and architecture
of NPCs in Xenopus nucleus. It was
determined that NPCs are proteinaceous
structures situated in the double mem-
brane of the nuclear envelope. Estimated
sizes of NPCs vary from ~125 MDa (Xeno-
pus) to 66 MDa (Saccharomyces). NPCs
have an eightfold rotational symmetry with
the rotational axis normal to the nuclear
envelope membrane and a twofold mirror
symmetry with the symmetry plane paral-
lel to the nuclear envelope membrane. Cur-
rent research efforts are aimed at under-
standing the mechanism of the biological
function of the NPCs - nucleotransport.
To understand the NPC’s function, it
is useful to catalog all the protein
components of NPCs in different organ-
isms. Ideally, this should lead to testable
hypotheses on how these components con-
tribute to the overall structure and function
of NPCs. Biological problems of this kind
can be addressed by proteomics methods
as was elegantly demonstrated for yeast
and mammalian NPCs.

In the yeast study, Rout et al. prepared
highly enriched fraction of NPC proteins,
followed by separation on ceramic hy-
droxyapatite HPLC, which gave efficient
recovery of the loaded proteins. Reverse-
phase TFA-HPLC was used in parallel for
resolution of the low molecular mass pro-
teins from the NPC fraction. The next step
in the separation involved SDS-PAGE with

visualization of protein bands by copper
staining. Subsequently, peptide mixtures
were prepared from bands of interest via
in-gel trypsin digestion followed by anal-
ysis by MALDI-MS. The peptide mass
matching method was used to search
nonredundant protein sequence database.
Previously known nucleoporins were ge-
nomically tagged with a protein A epitope
(ProtA), which allowed further immunolo-
calization by fluorescence microscopy. As
a result of this study, the authors iden-
tified 29 nucleoporins and 11 transport
factors and NPC-associated proteins. The
authors also determined stoichiometry
and position of each of the nucleoporins
found within the NPC by quantitative
immunoblotting and by immunoelectron
microscopy. In the immunoelectron mi-
croscopy analysis, the ProtA-tagged pro-
teins were labeled using gold-conjugated
antibody, which aided visualization. On
the basis of the deciphered architecture of
the NPC, Rout et al. proposed a model of
nucleotransport called a Brownian affinity
gating model. The core idea of the proposed
model is that translocation through the
NPC occurs via diffusion: diffusive move-
ments of the filamentous nucleoporins on
the cytoplasmic face of the NPC exclude
macromolecules that do not bind to them,
but when the binding does occur (and
that happens when a cargo molecule is
associated with its transport factor), the
residence time of the cargo at the NPC
gate increases, which in turn facilitates the
diffusion of the cargo into the nucleus.

In the mammalian study, Cronshaw
etal. enriched NPCs fractions from rat
liver nuclei by sequential solubilization. At
each step of the enrichment, the authors
used electron microscopy, SDS-PAGE, and
immunoblotting to confirm that NPCs
remained intact. After the enrichment,
NPCs were treated with detergent, which
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produced a solution of monomeric nucle-
oporins. The individual proteins in this
nucleoporin mixture were separated by C4
reverse-phase chromatography followed by
SDS-PAGE. Protein identification was per-
formed using single-MS and MS/MS. In
addition to previously known 23 nucleo-
porins, Cronshaw et al. identified six novel
nucleoporins, and also four proteins con-
taining WD repeats. One of these four
WD-containing proteins was ALADIN, the
gene mutated in Allgrove syndrome.
Spatial organization of a protein complex
can be assessed by the cross-linking
method. In this method, a protein complex
is affinity-purified and then treated with
a cross-linking agent, a chemical that
introduces new covalent bonds between
neighbor proteins. New bands, that appear
on SDS-PAGE because of this treatment
can be excised and identified by mass
spectrometry. As a result, if a pair of
the proteins gets cross-linked, this usually
means that the two proteins are located
close to each other within the complex. A
good example of this strategy is the study
by Rappsilber et al. in which the authors
used cross-linking/MS method to deduce
the spatial composition of the six-member
subcomplex Nup84p of the yeast NPC. The
authors emphasized generic applicability
of this approach. One of the significant
challenges in application of this method,
however, is the choice of the proper
cross-linking reaction condition — usually
a number of different cross-linkers has
to be screened, before the right degree
of cross-linking is obtained. Additionally,
interaction between subunits that are
hidden deep inside a complex may be
inaccessible to cross-linkers. Because of
these and other difficulties, the cross-
linking method is limited to complexes
of small sizes and is difficult to apply
on the broader scale. Nevertheless, the

cross-linking method may prove to be
useful in the studies of conformational
or compositional changes of individual
protein complexes, when the specific
structural states can be “frozen” through
interaction with the cross-linking agents.

3.3.6 High-throughput Analyses of
Protein—Protein Interactions

In most cases, MS-based analytical sch-
emes similar to those employed in the
studies of individual complexes can be
redesigned for use at the proteome-wide
scale. A report by Gavin etal. is one
of the first examples of the MS-based
proteome-wide analyses of the protein
complexes. For the large-scale isolation of
the protein complexes from yeast Gavin
etal. used tandem affinity purification
(TAP), as first introduced by Rigaut et al.
In the TAP method, a gene-specific fu-
sion cassette — which contains calmodulin-
binding domain, a specific protease cleav-
age site, and ProtA domain - is introduced
at the C- or N-terminal of yeast’'s ORFs of
interest. Then, assuming that expression
of fusion proteins is maintained close to
the natural level, the first affinity purifi-
cation is performed. In this step, fusion
proteins along with their interaction part-
ners (so-called protein assemblies) are iso-
lated from cell extract by affinity selection
on IgG matrix. Next, the bound proteins
are released by addition of the protease.
Finally, the second affinity purification
is done, which involves incubation with
calmodulin beads in the presence of cal-
cium. The advantage of tandem affinity pu-
rification when compared to standard epi-
tope tagging approaches is that it removes
most of the nonspecific interactions. Out
of 1548 yeast strains generated by Gavin
et al., 1167 expressed the fusion proteins at
detectable levels. After the purification of
the protein complexes by TAP, the authors
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subjected the complexes to electrophoretic
separation followed by trypsin digestion,
and subsequent analysis by MALDI-MS.
Overall, by MS analysis, Gavin et al. iden-
tified 1440 gene products (~25% of the
genome) from various organelles. How-
ever, identification of membrane proteins
in this study has proven to be diffi-
cult—only 40 membrane proteins were
purified successfully out of total 293 mem-
brane proteins detected. The authors then
proceeded with grouping of the identified
proteins into complexes. This was done by
the analysis of overlaps in composition of
the pulled-down assemblies from 589 dif-
ferent bait proteins. The authors reported a
total of 245 purifications that corresponded
to 98 known complexes from the yeast
protein database (YPD). Another 242 pu-
rifications out of the 589 were assembled
into 134 new complexes. The authors were
able to identify proteins as low-abundant
as 15 copies per cell, thus showing high
sensitivity of the TAP method. However,
reproducibility was rather poor - the au-
thors estimated that probability of finding
the same protein from the same bait
in two purifications is about 70%. An-
other weakness of the TAP method comes
from possibility of interference of the TAP
tag with complexes assembly and protein
function. In fact, Gavin et al. found that
when the essential genes were TAP-tagged;
in about 20% of these cases, nonviable
strains were obtained. Also, the authors
reported significant bias against proteins
with molecular weight below 15 KDa.
Another notable report of a high-
throughput protein complex identification
is the study by Ho etal. In this case, the
bait proteins contained Flag epitope tag
and were overexpressed from GALI or tet
promoters. Next, the protein assemblies
were isolated in one-step immunoaffin-
ity purification followed by resolution

on SDS-PAGE, digestion and MS, and
MS/MS analyses. The authors called this
method “high-throughput mass spectro-
metric protein complex identification”
(HMS-PCI). The immunoaffinity purifica-
tion of complexes assembled around over-
expressed baits should, in theory, generate
more false-positives than TAP method
would generate, because of the nonphys-
iological concentrations of the baits. On
the other hand, weak and transient inter-
actions that would not be detected in the
TAP method could be captured by HMS-
PCI. In fact, Ho et al. were able to assess
certain regulatory and signaling pathways,
by studying complexes pulled-down with
phosphatases and kinases used as baits.

As of today none of the methods
of mapping of protein—protein interac-
tions within a proteome is comprehensive
enough to provide full coverage. Hence,
it is useful to compare datasets obtained
with different approaches. In their arti-
cle, Christian von Mering et al. evaluated
all available interaction datasets obtained
in yeast. These included the data from
MS-based studies discussed above, as well
as data from Y2H, correlated mRNA
expression, synthetic lethality, and in sil-
ico predictions. The evaluation was done
through comparisons with the reference
dataset (MIPS and YPD). As a result, per-
centage coverage (fraction of the reference
covered) and accuracy (fraction of data con-
firmed by the reference) were estimated
for every method. According to the au-
thors’ analysis, TAP method provides both
higher coverage and higher accuracy than
either Y2H or HMS-PCI. Also, the analysis
shows that HMS-PCI is the least accurate
method amongst the three.

In a series of reports, Bader and Hogue
developed algorithmic approaches for find-
ing molecular complexes from datasets
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obtained in different interaction stud-
ies. By analyzing combined data from
TAP and HMS-PCI studies, they found
a novel nucleolar complex of 148 proteins
that included 39 proteins with unknown
function. Further, they described a graph-
theoretic clustering algorithm molecular
complex detection (MCODE) that allows
detection of dense regions (potential com-
plexes) within the interaction networks.
Importantly, the authors showed that
MCODE algorithm is not affected by a high
rate of false-positives in datasets from the
high-throughput experiments.

To summarize, none of the current
high-throughput experimental schemes
provide sufficient coverage and accuracy.
Therefore, integrative approaches that take
advantage of different methods are neces-
sary. Additionally, all of the discussed cases
dealt with cells in a certain growth condi-
tions. It is of special interest, however, to
study dynamics within protein interaction
networks in response to environmental
stimuli, in progression through the cell cy-
cle, or in pathological states. Some of these
questions can be addressed by quantitative
proteomics techniques.

3.3.7 Quantitative Proteomics Methods in
the Studies of Protein Complexes

Methods of quantitative proteomics can
be used to study dynamical changes in
abundance, composition, and activities of
multiprotein complexes. A good example
of such a study is the work by Ranish
et al. in which composition of a large RNA
polymerase preinitiation complex (PIC)
was assessed by the isotopically coded
affinity tags (ICATs) method. This and
other differential labeling methods are
discussed in detail in the previous section
of this chapter. The ICAT approach as
employed by Ranish et al., consists of the
four major steps summarized below:

1. The samples from two different condi-
tions are labeled with either “light” or
“heavy” tags.

2. The labeled samples are combined
together and enzymatically digested.

3. The mixture is fractionated by SCX
chromatography, then the labeled pep-
tides are isolated by avidin-affinity chro-
matography followed by separation by
the reversed-phase microcapillary chro-
matography.

4. The labeled peptides that are eluting
from the reversed phase column are
analyzed by ESI-MS/MS.

In MS analysis, the peak intensity ra-
tios of the differentially labeled peptides
on the ion chromatogram are related
to the relative abundances of the corre-
sponding proteins in the two different
environments. The peptide identities are
established in the MS/MS spectra and the
corresponding proteins are identified by
SEQUEST. With this quantitative ICAT
method, the authors were able to distin-
guish between components of the PIC
and the copurifying background proteins,
some of which had higher abundances.
Thus, the authors demonstrated the high
analytical power of this approach. In their
analysis, Ranish et al. identified a total of
326 proteins, 42% of which participate in
the Pol II-mediated transcription. Also, the
authors used the ICAT method to moni-
tor changes in the PIC composition in the
presence or absence of TBP. TBP is a tran-
scription factor that binds to the TATA
element and is required for the functional
PIC assembly. According to Ranish et al,,
most of the Pol II components are in-
creased in abundance by a factor of at
least 1.9 upon addition of TBP, and several
Pol I components showed no increase in
abundance. In addition, potentially new
component of the PIC was discovered. A
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limitation of this approach, as was noted by
the authors, is that using only the cysteine
specific tags leaves out tryptic peptides that
do not contain cysteines. In this respect,
strategies that use metabolic labeling or N-
terminal labeling may be more promising.

As an example, in their recent paper,
Blagoev et al. used stable isotopic amino
acids in cell culture (SILAC) to study EGF
signaling. The control and EGF-stimulated
Hela cell populations were labeled with
12C. arginine and 3 C-arginine respectively
via metabolic incorporation. Combined
cell lysates from these two conditions were
affinity-purified with SH2 domain of GST-
SH2 fusion protein used as bait. SH2
domain specifically binds phosphorylated
EGF receptor. Protein complexes obtained
in this purification were digested with
trypsin and the peptide mixtures were
analyzed by MS. As a result, the authors
identified 228 proteins, 28 of which were
enriched upon EGF simulation.
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