JOURNAL OF
CHROMATOGRAPHY B

N &-«, «fﬁ,ﬁ l"&@ S
ELSEVIER Journal of Chromatography B, 782 (2002) 165-181

www.elsevier.com/locate/chromb

Review

The functional proteomics toolbox: methods and applications

Thomas C. Hunter, Nancy L. Andon, Antonius Koller, John R. Yates llI,
Paul A. Hayne$%

Protein and Metabolite Dynamics Department, Torrey Mesa Research Ingtitute, Syngenta Genomics Research and Technology,
3115Merryfield Row, San Diego, CA 92121,USA

Keywords: Reviews; Proteomics

Contents

1. Introduction
1.1. The current state of proteomics
1.2. The role of mass spectrometry in proteomics

2. Techniques for complex mixture characterization
2.1. The 2D eleCtrophOreSiS apPIOACH. ... ...ttt e e et e e et e e e e et e e eaaaeeesaaaneeaen e e eeannneeeannnnaes
2.2. Chromatographic separation MEtNOAS ............u i et e ettt s e e e m o emene e e ebbn e e e eaanaaeeees

3. Quantitative proteOmICS ...........uuveeervineiiiiiieeeeeinnns
3.1. Comparative 2D electrophoresis
3.2. In vivo metabolic labeling for quantitative proteomics .. .
3.3. In vitro stable isotope labeling of Protein MIXIUIES ...........uiiiiii et emeee e emm e e e e e e eeees

4, Protein fractionation t€ChNIQUES IN PIrOEOMICS ... .cvvuuuueiieis i e e et e e e et e e ret s e e e et e e e et s e e eete e eeeeanaeeeaansneeresnnaaeeentnseeeennns
4.1. Protein enrichment by tissue and subcellular fractionation....
4.2. Protein fractionation by structural groups...............ccc..uvn..
4.3. Protein fractionation by functional groups....
4.4, ANtIDOAY tECRNOIOGIES ... .ttt ettt e e e et e e e e e et e e e b e e e e e e et e e e e

L O] o Tod [0S o 1 PO PP PP PPT R PPPPTTN

6. Nomenclature

Acknowledgements

R TC] = (=] [0 TP P PP PP TPPPPRPRPPN

1. Introduction eases. However, current epidemics of human dis-
eases such as AIDS, tuberculosis and malaria, and
1.1. The current state of proteomics our inability to devise effective treatments for
chronic diseases such as Alzheimer's disease or
During the 20th century advances in biomedical multiple sclerosis, serve to highlight that our under-
research have led to remarkable improvements in the standing of disease biology is still incomplete [1].
prevention, diagnosis and treatment of human dis- These diseases remain major killers, largely because
researchers have previously not been able to investi-
*Corresponding author. Fax:1-858-812-1349. gate the complex relationship between proteins and
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the human genome sequence [2], and the completion
of the genomic sequences for many infectious organ-
isms, has opened up new opportunities for more
detailed and complete understanding of human dis-
ease that will inevitably lead to new strategies for

treatment and prevention. Proteomics is an emerging
field that is poised to have a significant impact on the

future of research into human diseases.

Proteomics is the global analysis of complex
protein mixtures for the purpose of qualitative,
quantitative and functional analysis of all the pro-
teins present in a sample. The role of a protein is
reflected by interaction with other proteins. There-
fore, the identification of a protein in the context of
its cellular environment is necessary to understand
function and regulation. Furthermore, alternative
splicing of transcripts, and post-translational modi-
fication (phosphorylation, glycosylation, etc) of a

ing the recent advent of commercial hybrid instru-
ments such as the matrix-assisted laser desorption
ionization MALDI-TOF-TOF and the electrospray-
and MALDI-Q-TOF (reviewed in Ref. [5]); tre-
mendous increases in available computing power,
with a concomitant decrease in per unit cost; and the
ever-increasing availability of genomic sequence
data for a variety of organisms. These developments
have fueled the current rapid growth in the field of

proteomic analysis, and have served to enhance the

utility and applicability of mass spectrometric tech-
niques in the analysis of biological molecules.
One of the most significant developments in the

last decade for proteomics has been the completion

of many genome sequencing projects. Complete
genome sequences have already been reported for a
number of organisms, among ltaemophilus

influenzae [6], Saccharomyces cerevisiae [7], Es

protein can lead to multiple forms. Thus, the esti- cherichia coli [8], Caenorhabditis elegans [9], Dro-
mated 35 000—80 000 genes predicted in the humansophila melanogaster [10], Homo sapiens [2] and

genome could easily produce several
thousand or more different proteins [3,4]. Proteomic
studies are imperative since neither genomic or
transcriptomic data is able to provide a complete
picture of the organism. Systematic analysis of gene
function is preferable at the protein level rather than
at the genetic level, since it is proteins that perform
most of the reactions necessary for the cell. Func-
tional proteomics, the global characterization of
functional features of proteins, is necessary to better
understand these events which constitute the meta-
bolic and structural signals that control growth,
development, replication and stress response of cells.
In this review, we will describe the current

methodologies available for the global analysis of
protein expression, focusing on four main areas: the
role of mass spectrometry in proteomics; complex
mixture characterization; quantitative proteomics;
and protein fractionation.

1.2. The role of mass spectrometry in proteomics

Since the late 1980s advances in several areas of

mass spectrometer design have led to the current
generation of high-performance machines. In the
field of proteomics, three key areas of technology
have all undergone rapid advances simultaneously:
improvements in mass spectrometry design, includ-

hundred Oryza sativa (rice) [11]. A complete list of se-

guenced genomes and current sequencing projects
can be found at the Institute for Genomic Research
(TIGR) websitgw(.tigr.org).

Information contained within these very large
databases would be of little use without the means to
determine the function of the uncharacterized open
reading frames. Previous methods for identifying the
gene from which a protein originated lacked the
sensitivity, reliability and speed to look at samples

on a genomic scale. However, it was realized in the
early 1980s that tandem MS methods could be used
to sequence oligopeptides from complex mixtures by

collision-activated dissociation on a triple quadrupole

mass spectrometer at picomole levels [12]. The
approach involves enzymatic and/or chemical diges-
tion of the protein to the resulting peptides. The
peptides are then fractionated by high-performance

liquid chromatography and are then analyzed directly
by secondary-ion—collision-activated dissociation
mass spectrometry (tandem MS-MS) on a multi-
analyzer instrument [12,13]. The data generated by

these experiments contain highly specific information
such as sequence specific fragmentation patterns a
well as peptide mass information. The most notable
computer algorithm for analysis of tandem mass
spectra is SEQUEST [14,15]. The SEQUEST pro-
gram uses information on the digestion of a protein
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with a site-specific protease, the molecular masses of
the resulting peptides, and the sequence specific
fragmentation spectra to identify the protein from

translated protein sequences, raw nucleotide se-

quences, or expressed sequence tags (ESTs) [16—18].

The ability to search nucleotide databases is an
advantage when analyzing data obtained from organ-
isms whose genomes are not yet completely se-
quenced, but a large amount of expressed gene
sequence data is available.

2. Techniques for complex mixture
characterization

No single protocol is adequate to address the
varied issues for analysis in complex protein mixture
characterization, which stem from the diverse nature
of the cellular environment. For example, a particular
set of proteins not amenable to separation by one
technique may be amenable to characterization by an
alternate method. Therefore, each protocol for
characterization must be customized to meet the
needs of the specific biological question to be
addressed. For this reason, techniques for analysis of
complex protein mixtures will often be novel, evolv-
ing and difficult to generalize. Many of the initial
qualitative and quantitative analytical techniques for
mass spectrometric based proteomics have evolved
from classical biochemical techniques and have
come back into vogue as they have found application
in proteomics. The following sections will discuss
the use of two-dimensional gel electrophoresis and
chromatographic methodologies as strategies for
separating complex mixtures.

. B 782 (2002) 165181 167
proteins from polyacrylamide gels, with one or two
dimensions, has traditionally been carried out using
comigration with known proteins [22], immunoblot-
ting, N-terminal sequencing [23,24] or internal pep-
tide sequencing [25,26]. In recent years there ha
been a fundamental shift in the ways such experi-
ments are performed, principally due to the rapid
growth of large-scale genomic databases. The current
widely used method relies on excising spots from
gels, proteolytically digesting the spots, and then
extracting the peptides produced. The final stage
involves analyzing these peptides by mass spec-
trometry (MS) or tandem mass spectrometry (MS—
MS) and then correlating the mass spectral data
derived from the peptides with information contained
in databases of protein sequence, genomic sequence
or expressed sequence tags (ESTs) [14,15,27,28].
The disadvantages of 2D electrophoresis are that it
is extremely time-consuming, has a limited dynamic
range, does not work well for hydrophobic proteins,
and is essentially non-quantitative. Large format gels
typically require at least 24 h to complete, and for
reasons of practicality are usually completed over the
course of several days. Staining of individual 2DE
spots can be measured and compared using scannir
densitometry, but there are so many caveats attached
to the data that the results are of questionable value
unless the differences are quite large. Many staining
techniques, such as silver staining, suffer from a
limited dynamic range, so that the intensity of less
abundant spots is not linearly correlated to that of
more abundant spots [29]. Moreover, some types of
proteins, especially those that are post-translationally
modified, can give quantitatively and qualitatively
different staining in comparison to similar amounts

of other proteins. However, protein staining sensitivi-

2.1. The 2D electrophoresis approach

ty is constantly being improved, enabling researchers

to better visualize the proteome of their system.

The classical technique that is most widely used in
global proteome analysis is two-dimensional electro-
phoresis (IEF-SDS—-PAGE) (2DE) [19]. In 2DE,
proteins are first separated by isoelectric focusing
and then further resolved by SDS—PAGE in the
second, perpendicular, dimension. Separated proteins
can then be visualized by numerous staining meth-
ods, or by autoradiography, to produce a two-dimen-
sional image array that can contain thousands of
proteins [20,21]. The identification of individual

Comparative studies between colloidal Coomassie
blue, Daiichi silver, Sypro orange, Sypro red, Sypro
ruby and Sypro tangerine concluded that the newest
generation of fluorescent protein stains, compared
with traditional staining methods, are more compat-
ible with MALDI and LC-MS methods, and have a
greater dynamic range [30—33]. Hydrophobic pro-
teins, especially those of high molecular mass, are
especially problematic in 2D gels because the pres-
ence of SDS is incompatible with successful first



168

dimension IEF. Thus, most IEF sample buffers
solubilize a wide range of proteins by including high
concentrations of chaotropic salts, such as urea, and
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characterization projects which have been reported in
recent years include those of microbial organisms
suBhcelsaromyces cerevisiae [41], Escherichia

lower levels of mild detergents such as CHAPS. It coli [42], Haemophilus influenzae [43], Mycobac-
should be noted, however, that significant progress in terium tuberculosis [44], Ochrobactrum anthropi

overcoming this particular limitation has been made

[4S}monella enterica [46], Spiroplasma mel-

in recent years, including the development of new liferum [47], Synechocystis spp. [48], Dictyostelium

detergents with greater solubilizing power [34,35],
and the selective application of organic solvents to
aid in solubilizing hydrophobic proteins [36].

Several studies have shown that the majority of
proteins identified in 2DE are the more abundant and
the more long-lived proteins in the cell. In a study of
more than 150 proteins identified in 2DE of yeast
cells, for example, no proteins were identified with a
codon bias value of less than 0.1, an arbitrarily
defined cutoff indicating low abundance [37]. In
contrast, calculated values indicate that over half of
the 6000 genes in yeast [7] have a codon bias index
of less than 0.1 and thus are unlikely to be seen in
2DE without prior enrichment. Several techniques
have been proposed as generic sample pretreatment
strategies to increase the total number of spots that
can be visualized in 2DE. These include sequential
extraction of a sample with buffers of increasing
solubilizing power, which generates fractions on the
basis of hydrophobicity [38], and using very narrow
range pH gradients for the first dimension IEF,
which expands the resolution in a given range
[39,40].

Despite these disadvantages, 2DE remains the
method of choice for displaying proteins as the front
end of a proteomics project for two principal
reasons: firstly, because it can be used to visualize a
very large number of proteins simultaneously; and
secondly, because it can be used in a differential
display format. The ability to study complex bio-
logical systems in their entirety rather than as a
multitude of individual components makes it far
easier to discover the many complex relationships
between proteins in functioning cells. This type of
experiment, where the aim is to catalog as many of
the expressed proteins as possible and build up a
database of expressed proteins, is often referred to as
a “proteome project”.

There are now too many proteome projects under
way to list them all. Relatively large scale proteome

discoideum [49] and Rhizobium leguminosarum [50],

and tissues including human liver [51], human
plasma [51], human fibroblasts [52], human keratino-

cytes [52], human bladder squamous cell carcinomas

[52], mouse kidney [52], rat serum [53-55], and the
rootsMidicago truncatula [56].

Following the announcement of the completion of
the human genome sequence [2], considerable atten-
tion has been focused on efforts to “map the human
proteome” [57]. This is a potentially endless under-
taking, given the inherent changeability of the

proteome of even one specimen of such a multicellu-
lar organism, and the added difficulty of defining
what constitutes a “normal human”. A major issue

with establishing any proteome characterization pro-
ject is defining the proteome in question. A single
genome can give rise to an essentially infinite
number of qualitatively and quantitatively different
proteomes, depending on such variables as the stage
of the cell cycle, growth and nutrient conditions,
temperature and stress response, pathological con-
ditions, and strain differences, to name but a few.

Another way of expressing the same problem is that

genomes are essentially static, while proteomes are
by their very nature dynamic, and therefore a 2DE
based proteome project can only represent a snapshot
rather than the whole constantly moving picture.
Nonetheless, efforts are moving ahead in this field,
with a public consortium recently meeting to initiate
the planning of a human proteome project [58], and a
privately funded effort well on the way to comple-
tion of an initial draft of a study involving a very
large number of discrete tissues, known as the
human proteome index [59]. Also, an ambitious
attempt to undertake a complete human proteome
project has been announced by the same researc
group responsible for one of the major successful

efforts in the human genome project [57]. It remains

to be seen whether this effort will be quite so
successful.
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2.2. Chromatographic separation methods
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One new methodology that represents a significant

step forward in proteome analysis is the use of

To purify and identify individual peptides, chro-

matographic strategies have been devised to separate

peptides by physiochemical properties such as size,
charge, and hydrophobicity. The same purification
techniques are available for peptide purification as
are used for protein purification, and include size-
exclusion chromatography, ion-exchange chromatog-
raphy, and reversed-phase HPLC, which is the
techniqgue most commonly used for peptide purifica-
tion in proteomics. In reversed-phase HPLC the
peptides are mainly retained due to hydrophobic
interactions with the stationary silica phase that is
chemically bonded with an alkylsilyl compound.
Polar mobile phases, such as water mixed with
methanol or acetonitrile, are used to elute the bound
peptides. Peptides are eluted in order of decreasing
polarity (increasing hydrophobicity). The most popu-
lar reversed-phase packing is;{C in which octa-
decasilyl groups are bonded to the silica surface
[60,61].

Reversed phase chromatography can be used as

the sole separation procedure for moderately com-
plex peptide mixtures prior to tandem mass spec-
trometric analysis, but it is generally considered to
have insufficient resolution for the analysis of more
complex mixtures. While the mass spectrometer can
perform mass measurements on several co-eluting
peptides, if many peptides co-elute then the MS
instrument can not fragment them all before they
finish eluting from the column, and therefore valu-
able information is irretrievably lost. One interesting
approach that has been used to circumvent this
problem is the iterative analysis of aliquots of the
same sample, but using very narrow mass ranges for
the initial peptide mass measurements of an MS—MS
scanning regime [62]. This technique, therefore, uses
the mass selection of peptides in the mass spectrome-
ter as an extra “dimension of separation” in the
analysis of a complex mixture. This approach is
necessarily limited in application to those cases
where large amounts of sample are available for
analysis. It has been used, for example, in LC-MS—
MS analysis of the proteome of normal human urine,
in a study in which 124 different gene products were
identified [63].

multidimensional liquid chromatography coupled to
tandem mass spectrometry (LC—LC-MS—-MS). The
LC-LC-MS-MS method as recently reported for
use in the analysis of complex mixtures of peptides
[64], is now commonly known by the acronym
MudPIT, for multi-dimensional protein identification
technique. Multi-dimensional chromatography of
proteins has been reported previously, involving the
off-line coupling of reversed-phase columns with
cation-exchange columns [65], or the coupling of
size exclusion columns with reversed-phase columns
and online detection [66]. The true power of this
method for proteomics applications was demonstra-
ted, however, when the technique was employed
with a mixed bed microcapillary column containing
strong cation-exchange (SCX) and reversed-phase
(RP) resins [64]. This chromatographic technique
contains several steps, as outlined below.
Firstly, a reduced and denatured protein mixture is

proteolytically digested to produce peptide frag-

ments. The mixture of peptides is loaded onto a
microcapillary column containing SCX resin up-
stream of RP resin, eluting directly into a tandem
mass spectrometer. A discrete fraction of the ab-
sorbed peptides are displaced from the SCX column
onto the RP column using a step gradient of salt,
causing the peptides to be retained on the RP columrn
while contaminating salts and buffers are washed
through. Peptides are subsequently eluted from the
RP column using a solvent gradient, and analyzed by
MS—MS. This process is applied in an iterative
manner, typically involving 10-20 steps using in-
creasing salt concentration to displace additional
fractions from the SCX column, and the MS-MS
data from all of the fractions are analyzed by
database searching [14,15]. The combined data out-

put gives a comprehensive picture of the protein
components present in the initial sample.

There are several advantages of the MudPIT
technique: it avoids the need for time-consuming
2DE; and can be run in a fully automated manner.
The use of two dimensions for chromatographic
separation also greatly increases the number of
peptides that can be identified from very complex

mixtures. For example, analysis of a total yeast cell
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lysate identified 1484 unique proteins in a single
series of MudPIT experiment [67], which is far more
than would be expected from a conventional LC—
MS—MS experiment. In addition, the method has a
very wide dynamic range, and none of the protein
solubility problems associated with 2DE since the
proteins are all proteolytically digested at the same
time. This difference is graphically demonstrated by
the example of the analysis of the yeast ribosomal

T.C. Hunter et al. / J. Chromatogr. B 782 (2002) 165-181

is clearly going to become increasingly attractive as
a means of extracting as much information as
possible in a short time from a protein sample that
could represent a protein complex [64], a relatively
simple whole organism [67], or a tissue or other
sample from a more complex organism [69].

80s complex, which was found to contain 64 proteins 3. Quantitative proteomics

by analysis of 56 discrete spots visible in a 2DE

experiment, while an additional 11 proteins were 3.1. Comparative 2D electrophoresis

identified by analyzing the same sample using Mud-
PIT [64].

The main disadvantages of this approach are
concerned with post-experimental data processing.
The extremely large volume of data collected in a
MudPIT experiment consisting of 10—20 cycles of
reversed-phase chromatography presents a significant
problem in terms of both the time required to collate
and assemble the data into a useable format and the
computing power needed to complete database
searching. This problem may be alleviated over time,
as computing resources continue to steadily increase
in performance and become more affordable. One
other disadvantage of this approach is that it is
generally limited to use with organisms that have
complete genome sequence data available for search-
ing. Mass spectrometric instrumentation and de novo
sequencing algorithms will surely improve, however,
making de novo sequencing on such a large scale a
more practical proposition. Also, at some point in the
future complete genomic sequence data will be
available for all the major research organisms and
therefore this will no longer represent a problem.
There is also considerable scope for improvement in
this technique, as it could, for example, be combined
with a specific peptide or protein enrichment
strategy, or it could be coupled with some of the
strategies used for improving success in MS—MS
based de novo sequencing experiments, such as
employing proteolytic digestion in'® O enriched
water to provide an isotopic end label [68].

MudPIT represents a technique that is best suited
to rapidly building a proteomic database rather than
being applied in a differential display proteomic
assay, and it is a viable alternative to 2DE for the
analysis of certain complex mixtures. This approach

The technique that is still the most widely used in
global proteome analysis is two-dimensional electro-
phoresis (IEF-SDS—PAGE) (2DE), as explained in

Section 2.1. In 2DE, proteins are first separated by
isoelectric focusing and then further resolved by
SDS-PAGE in the second, perpendicular, dimension
Separated proteins can then be visualized by numer-
ous staining methods, or by autoradiography, to
produce a two-dimensional image array that can
contain thousands of proteins [20,21].

Although 2DE is not strictly quantitative, the
presence or absence of one or more spots in a gel,
when compared to a similar gel, is often readily
detectable. Using this approach, the state of a cellular

system in response to a particular treatment can be
assessed using 2DE of samples from each state. This
approach enables the simultaneous assessment of the
effect of the treatment on many proteins at once,
rather than measuring, for example, levels of a single
marker protein. This type of experiment is often
referred to as differential display proteomics [70].
Examples where this can be used to directly visualize
physiologically relevant proteins include the charac-
terization of changes in growth or nutrient conditions
[71], characterization of tumor specific proteins [72—
75], cell differentiation studies [76], treatment of
cultured cells with a potential therapeutic drug [77],
or identifying mechanisms of drug resistance in
cultured cells [78]. Once these protein spots have
been visualized and identified, knowledge of the
proteins that are directly affected during such a
treatment can identify the biochemical pathways
involved, and therefore be of great value in deciding
the direction of future research. In this implementa-
tion, proteome analysis is used as a biological assay
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rather than as a database of protein identification
information as described previously.

Thus, despite numerous drawbacks and limita-
tions, 2DE remains an important tool in proteome
analysis [19]. It is clear, however, that there is room
for improvement in the efficiency of analysis, and
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spot is determined by exposure to two types of
imaging plates, one sensitivé to  C and the other to

bdth C &nd H. This technique was used to
compare the cellular levels of several hundred pro-
teins in yeast cells [83].

either incremental advances in current methods or 3.2. In vivo metabolic labeling for quantitative
development of new technologies may achieve this. proteomics

One of the major technical limitations in compara-
tive 2D gel electrophoresis is the difficulty in
identifying matching protein spots between gel im-
ages [79,80]. The inherent variability of 2DE sepa-
ration often makes it difficult to be certain with a
high degree of confidence that a particular 2DE spot
on one gel actually represents the same protein on a
different gel. This variability between 2DE gels can
include spots streaking, gels bending or warping in
broad or localized areas, or different spots being
visualized. All of these factors combine to make it a
difficult, laborious task to compare gel images,
despite the development of numerous commercial
software packages designed to assist in this task.

One experimental approach that has been de-
veloped in recent years with the aim of overcoming
this inherent inter-gel variability is known as differ-
ence gel electrophoresis (DIGE). This involves
labeling two protein samples for comparison with
two different fluorescent dyes prior to the first
dimension of 2DE [81]. The combined samples are
separated using the same first and second dimension
gels, thus minimizing any inter-gel variations. The
gel images are then visualized using fluorescent **
scanning at two separate wavelengths specific to the

Quantitative analysis of protein expression can
employ either stable-isotopes or radioisotope meth-
ods. In a typical radiolabeling approach the cells are
cultured in the presenc® of S-methionine. The cell
lysate is then separated by a high-resolution method
such as two-dimensional gel electrophoresis, the
changes in protein concentration are determined by
autoradiography, and the identity of the proteins are
determined by mass spectrometry [84]. Limitations
of this method include both the need to first gel
separate the proteins by electrophoresis, and the
practical difficulties inherent in the use of radio-
isotopes.
Another promising method is the use of stable-
isotopes for the purposes of protein quantitation by
mass spectrometry [85—89]. The basis of this method
is utilizing the ability of the mass spectrometer
ability to differentiate the change in mass of a
protein or peptide that is introduced by a non-
abundant stable-isotope during cell culture [90,91].
One pool of cells is grown on medium containing the
naturally occurring abundance of the stable-isotopes
N (99.6%),and N (0.4%), while a second pool is
grown on the same medium enrichéd in N

two fluorescent dyes. This enables the proteins >96%). The two sample pools are combined and

present in each of the original samples to be viewed
separately, and makes even relatively subtle differ-
ences in protein expression levels between the two
samples immediately apparent. However, it is has
already been found to be reproducible and sensitive
enough for use in identification of protein expression
level changes in tumor tissues [82], and is sure to
become more widely used as the technology be-
comes more readily available. A variation to this
approach has also been recently reported, in which
two different samples are both metabolically radio-
labeled in vivo, one with* C and one with H. The
samples are then combined and run together on a
single 2DE gel. The’ H7* C ratio of each protein

the resulting proteins or peptides are separated by
either two-dimensional gel electrophoresis [85] or
two-dimensional chromatography [88]. The proteins
are proteolyzed, the resulting peptides are analyzed
by MS—MS, and the resulting spectra are used to
both identify the protein and determine the relative
abundance in the two cellular protein extracts. The
MS analysis is able to differentiate between the
peptides occurring from the two protein pools be-
cause incorporation 8f the N increases the mass of
the peptides leading to a pair of peaks for each
peptide. The ratios of the intensities of the lower and
upper mass components can then be compared tc
provide an accurate measurement of the relative



172

abundances of the proteins from the original lysates
[85,86]. This approach has recently been reported in
the analysis of more than 800 unique proteins from a
yeast lysate, demonstrating the utility of this method
for large-scale quantitative proteomic analysis [88].
The obvious limitations of this method are, however,
the restriction to cell culture experiments, and the
possibility that introduction of non-natural isotope

ratios may perturb cellular systems in an undesired
manner.

3.3. In vitro stable isotope labeling of protein
mixtures

Several methods exist for post-translational label-
ing of proteins and peptides for quantitative analysis
[89,92]. One of the most interesting emerging tech-
nologies in proteomics is known as isotope-coded
affinity tag (ICAT) peptide labeling [93]. This is an
approach that combines accurate quantification and
concurrent sequence identification of the individual
proteins in complex mixtures. When used for the
pairwise comparison of protein samples isolated
from two different cell states, this method can
provide simultaneous identification and quantifica-
tion of up- or down-regulated proteins. The initial
incarnation of the ICAT reagents contained a biotin
affinity tag and a thiol specific reactive group, which
are joined by a spacer domain which is available in
two forms; regular and isotopically heavy, which
includes eight deuterium atoms [93]. The method is
based on combining peptide labeling with ICAT
reagents with analysis of the labeled peptides by
HPLC and tandem mass spectrometry.

The method consists of four major steps. Firstly, a
mixture of reduced proteins representing one cell
state is derivatized with the isotopically light version
of the ICAT reagent, while the corresponding re-
duced protein mixture representing a second cell
state is derivatized with the isotopically heavy
version of the ICAT reagent. Secondly, the labeled
samples are combined and digested with a protease
to produce peptide fragments. Thirdly, the tagged
cysteine containing peptide fragments are isolated by
avidin affinity chromatography. Finally, the isolated
tagged peptides are separated and analyzed by
capillary HPLC—tandem mass spectrometry, which

T.C. Hunter et al. / J. Chromatogr. B 782 (2002) 165-181

provides both identification of the peptides by frag-
mentation in MS—MS mode and relative quantitation
of labeled pairs by comparing signal intensities in
MS mode. This is similar in analytical approach to

metabolic labeling, with the crucial distinction being

that this method is not limited in scope to organisms
that can be successfully cultured in metabolic label-
ing media.

There are several advantages of this approach

when compared to the more traditional differential
display 2DE method. This approach is much faster
than is time-consuming 2DE experiments, it is

scaleable so that, in theory, a large enough amount of
sample can be used to enable analysis of low

abundance proteins, and since it is based on stable
isotope labeling of isolated protein samples, it does
not require the use metabolic labeling or radioactivi-
ty. Most important of all, however, is that it provides

accurate relative quantification of each peptide iden-

tified. For example, if a protein is present at the same
level in the two original samples, the amount of each
peptide detected will be the same. If, however, a
protein is present at a fivefold higher level in the
sample derivatized with the heavy ICAT reagent,
then the amount of heavy ICAT labeled peptide
detected will be five times greater than the amount of
light ICAT labeled peptide detected. Although mass
spectrometry is an essentially non-quantitative tech-
nique, in this case the peptides act as mutual internal
standards, since they are chemically identical and
differ only by eight neutrons, and thereby eliminate
potential problems due to differing ionization ef-
ficiencies or other physicochemical properties.

This method has already been shown to be applic-
able to the identification and quantitation of proteins
in cellular systems undergoing different perturba-

tions. These include the characterization of protein
expression in in vitro differentiated human myeloid
leukemia tissue culture cells [94], and the identifica-
tion and quantification of galactose and glucose
repressed proteins in yeast harvested under different
growth conditions [95]. Also, this approach has
recently been refined by using several MS techniques
in combination to produce a system in which only
those proteins undergoing significant changes in
expression levels are subjected to tandem mas:
spectrometry and thereby identified [96]. With fur-
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ther development, this technology may be able to 4. Protein fractionation techniques in
identify and quantify even the most subtle protein proteomics

expression level changes between samples. This type

of data is usually lost in the context of large amounts 4.1. Protein enrichment by tissue and subcellular

of very abundant background proteins.

There are also several obvious disadvantages to
this technique as it is currently employed, but all of
them appear to be surmountable in the course of
future development. The proteins must first of all
contain cysteine, which is true for an estimated 92%
of yeast proteins, for example, and appropriately
spaced protease cleavage sites must also flank those
cysteines. Moreover, the ICAT tag is a large moiety
when compared to the size of some small peptides
and thus may interfere with peptide ionization and
can greatly complicate mass spectral interpretation
[97]. It seems likely that all of these problems may
be overcome by designing different reagents with
specificity for other peptide side-chains, using a
smaller tag group, and using different proteases. A
good example of how this approach could be ex-
panded to include other functional groups was
described in a recent report in which a version of the
ICAT reagents was employed for the specific analy-
sis of phosphopeptides, albeit with fairly limited
sensitivity [98]. In addition, many other research
groups are now producing variations on the original
theme, such as the differential lysine guanidation
technique known as mass-coded abundance tagging
(MCAT), which was shown to be useful in both
protein quantitation and de novo peptide sequence
identification [99].

The recently published report using ICAT meth-
odology in the identification and quantification of
galactose and glucose repressed proteins in yeast
harvested under different growth conditions repre-
sents a significant advance in the field of proteomics
[95]. This analysis combined protein identification
and quantification data with DNA microarray data to
produce a comprehensive picture of changes in
cellular pathways caused by an experimentally-in-
duced stress. This type of integrated approach,
combing both genomic and proteomic data, has
given rise to a new field, known as systems biology
[100]. It is to be hoped that further research and
development in this area will yield even more
promising data in the future.

fractionation

The inability of the currently available proteomics
methods to analyze all of the proteins in a complex
organism or cell can be partially overcome by
appropriate purification steps before a sample is
analyzed by mass spectrometry. This can be done by

purification of specific tissues from an organism,
purification of subcellular fractions, purification of
protein complexes, or purification of protein frac-
tions by chromatographic steps.

A good example of tissue fractionation occurs in
the proteomic analysis of plants. Most studies begin
by separating the plant, at the very least, into the
three major tissues; leaf, root and seed [28,56,101].
Although these may all be from the same plant, they
produce very different protein expression patterns as
each tissue exists in a very different environment
from the others, and each tissue performs specific
biological functions. This paradigm also holds true in

the analysis of protein samples from animals, which

are generally taken from a particular organ, such as
the kidney [102-104], or a particular physiological
fluid such as plasma [105] or serum [106].

One application where fractionation occurs at the

cellular rather than tissue level is in the identification

of markers of diseased tissue, where the affected

cells must be separated from the surrounding normal

cells. This can be done by manual microdissection

[107,108], by laser capture microdissection [109], or

by immunoisolation of cell type using antibodies to
specific markers on the specified cells [110-112].
The next stage in sample complexity reduction
after individual cell separation is the isolation and
analysis of subcellular fractions using a combination
of standard biochemical techniques and proteomics
methodologies. This has been reported for many
different subcellular fractions and organelles, includ-
ing such recent examples as the proteomic charac-
terizations of complete golgi [113], the golgi mem-
brane [114], the mitochondria [115], the chloroplast
[116], the chloroplast membrane [117], and the

nuclear envelope [118].
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Sample complexity can be reduced still further by
the isolation of protein complexes. This can be
achieved by analysis of endogenous cellular protein
complexes, including such examples as the nuclear
pore of yeast cells [119], the proteasome [120], the
preprotein translocase [121], the ribosome [64,122—
124], and the human nucleolus [125,126]. An alter-
native approach to the analysis of cellular protein
complexes is to insert an epitope tag into a protein
via recombinant methods, then isolate and sub-
sequently identify all of the proteins that interact
with the tagged protein [127]. This technique was
employed on a grand scale in a pair of recent reports
that uncovered a wealth of new information regard-
ing protein—protein interactions in yeast [128,129].

Complex protein mixtures assembled into cellular
material can also be fractionated still further by
separating the proteins according to their chromato-
graphic properties, as an initial step prior to further
analysis by other proteomics methods [130]. This has
been applied, for example, in: the separation of
proteins fromE. coli by anion-exchange chromatog-
raphy prior to further separation by 2DE [131]; the
profiling of bacterial proteins by reversed-phase
chromatography prior to identification by MALDI—
TOF-MS and capillary electrophoresis—electrospray
ionization MS [132]; and in the differential screening
and mass mapping of proteins from premalignant and
cancer cell lines using nonporous reversed-phase
HPLC coupled with ESI-TOF and MALDI-TOF
MS analysis [133].

4.2. Protein fractionation by structural groups

Complex protein samples may also be simplified
by fractionation on the basis of structural groups

such as carbohydrate chains, phosphate groups, or

lipid modifications such as acylation, prenylation,
and GPI-anchoring. This will not necessarily assign
the purified proteins a known function, but can be
useful for comparative analysis of samples. Most
gene products are either co- or post-translationally
modified. The two most prevalent modifications are
glycosylation and phosphorylation. The extent and
type of protein glycosylation has long been known to
effect protein localization, binding, and activity

[134-136]. The glycosylation profile of many pro-
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teins is also known to shift dramatically in a number
of disease states, including cancer [137], diabetes
[138], and autoimmune diseases such as arthritis
[139], Sjogren’s syndrome [140], and Alzheimer’s
disease [141]. Lectin affinity chromatography in
combination with proteomics techniques may be
used in the large-scale capture and characterization
of glycoproteins [142]. Glycosylation mapping has
recently been used to identify post-translational
modifications associated with breast cancer [143],
and this approach is readily adaptable to a wide
range of disease studies. 2DE gel separation of
glycoproteins results in the classic pattern of a
“train” of protein spots separated on the basis of
different isoelectric points. However, typical meth-
ods of glycan analysis are not sensitive enough for
the levels generally separated by 2DE, and the
massive complexity of glycan structures does not
lend itself well to most currently available
proteomics tools for studying post-translational
modification. Recent developments in mass spec-
trometry technologies, however, have enabled the
characterization of carbohydrate structures at
picomolar levels [144—146]. These advances should
soon allow detailed structural analysis of differential-
ly glycosylated proteins.
Analysis of the phosphoproteome is considerably
more advanced. Reversible protein phosphorylation
has long been considered one of the most important

factors controlling protein activity and function. It is

possible to detect phosphorylated proteins by 2DE
analysis; as with glycosylation, candidate proteins
are present as a trail of spots of slightly differing p
2DE has been used in a number of studies, whether

by using computer assisted differential spot analysis,
or in combination with phospho-labelling and West-

ern blotting, to look for specific phosphorylated
target proteins [147-149].

Global detection of the majority of phosphorylated
proteins present in a complex sample can be accom-
plished by screening 2DE gels with highly specific
anti-phosphotyrosine and anti-phosphoserine antibo-
dies [150,151]. This method may be extended to
compare changes in the pattern or extent of phos-
phorylation between samples. Phage-display tech-

nigues provide an alternative method for screening
complex samples for specific phosphorylated pro-
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teins or groups of proteins such as kinases. As an
alternative to large-scale display techniques, protein
samples may be enriched for phosphoproteins or
phosphopeptides prior to standard analysis by ma-
trix-assisted laser desorption—ionization (MALDI—-
TOF) MS or nanoelectrospray tandem mass spec-
trometry. For example, affinity chromatography with
anti-phosphotyrosine or anti-phosphoserine antibo-
dies has been used in combination with mass spec-
trometry to identify specific phosphorylated targets
[152,153]. Immobilized metal ion affinity columns of
either Fé" or G can also be used to selectively
enrich for phosphopeptides. Notwithstanding the fact
that strongly negatively charged peptides can inter-
fere in this analysis, this procedure enables the
subsequent identification and mapping of phos-
phorylation sites in the enriched proteins [154,155].
Chemical replacement of phosphate moieties by
affinity tags can also be used to enrich for phos-
phoproteins in complex protein samples [156], and
this methodology has already been successfully
applied to whole cell lysates from yeast [157].

Each of these various approaches can be used to
reduce sample complexity in order to enable the
analysis of less abundant cellular components. The
added advantage of such methods is that key struc-
tural information is obtained along with the identifi-
cation of the resultant subset of proteins.

isolation allows an immediate function to be deduced
for the molecule by its ability to bind specific
molecules on the affinity column.

A variety of chromatographic approaches have

been discussed for fractionating complex protein

mixtures in order to make them more manageable for
mass spectrometric analysis. These rely on sepa-
ration by size, charge, hydrophobicity, or specific
affinity.

Activity-based protein fractionation may be used

as a strategy that reduces sample complexity, while

at the same time assigning a known function to those
proteins that are isolated. That function may be
broad-based, for example the use of lectin affinity
chromatography to isolate the *“glycome” of a
species [158,159], the use of protein kinase chips
[160,161] to look for phosphorylation targets for a
diverse array of kinases or the use of polysaccharide
matrices to isolate carbohydrate binding proteins
[158,162]. Whole functionally related families of
proteins may be isolated through the use of an
appropriate affinity matrix, for example the isolation
of calcium-binding proteins with calmodulin [163—
165] or use of the FK2 antibody, which recognizes
the conjugated ubiquitin molecule, to purify poly-
ubiquitinated proteins [166,167]
Increasing specificity may be obtained by careful
selection of the affinity ligand. One such method is

to screen for reactivity to specific chemical probes.
Studies of this kind have largely been limited to the
isolation of one specific protein based on a known
activity. Recently, however, several studies have
been carried out [168,169] that utilize a library of
chemical probes to isolate families of proteins based
on their specific reactivity. In one report, a library of
biotinylated sulfonate esters was applied to the
screening of a complex mixture of proteins. A
number of different patterns of reactivity were found,
for example the irreversible inhibition of an alcohol
dehydrogenase, and the partial inhibition of catalytic
activity for another group of target enzymes. In
another study [170], the authors were able to use
differential binding to a biotinylated fluorophospho-
nate in order to distinguish between subsets of serine
hydrolase family members.
All of the examples presented here provide rel-
evant functional information in addition to protein

4.3. Protein fractionation by functional groups

One approach that can be used for high-throughput
purification of functional classes of proteins is to
combine chromatography using specific affinity ma-
trices with mass spectrometry. Most high-throughput
proteomic methods result in the isolation of a
number of proteins for which no function is known.
The function is usually deduced using sequence
similarities to proteins with known functions or the
identification of motifs with a known function. The
process can be time-consuming and may not result in
the identification of the correct function. Affinity
chromatography in combination with mass spec-
trometry can be used to isolate, analyze and identify
both known and novel proteins. By careful selection
of the affinity ligand, protein function can be as-
signed as well as protein identity. This method of
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sequence identification. A great deal of flexibility is
available in the specificity of any particular method
for isolating target proteins, and the application of
such methodology is well suited to the increasing
sensitivity of proteomic technology.
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the need for an immunization regime. The advan-
tages of phage display include the ability to generate
antibodies in a relatively short time compared to
traditional hybridoma technology, and the com-

patibility with recent advances in the areas of

laboratory automation.

4.4. Antibody technologies

One limitation in the selection procedure for this

methodology is the requirement for sufficient quan-

The importance of antibody technology to the field
of functional proteomics is growing, particularly as
the field of antibody engineering reaps the benefits of
the post-genomic era [171]. Antibodies may be
designed with selective reactivity to an almost
unlimited variety of epitopes [172-175]. One
antibody-based approach that has been investigated a
number of times, albeit with limited success thus far,
is the use of a specific monoclonal antibody to
remove the vast excess of albumin present in human
serum and plasma, with the aim of improving the
visualization of previously obscured less abundant
proteins [176].

However, one of the limiting factors for antibody-
based methods has been the ability to produce
antibodies on a scale compatible with genome- or
proteome-wide analysis. Hybridoma technology, a
slow and cumbersome process, has been used to
produce monoclonal antibodies (mAbs) for such
applications. Separate immunizations are required for
each antigen, and the cell fusion process required to
generate the hybridoma is slow and inefficient.

Recent advances using antibody display tech-
nologies in both phage and yeast now make it
possible to overcome many of the limitations of
hybridoma-based systems and generate mAbs that5.
recognize any desired antigen. The method of phage
display has been developed as a means of making
single-chain variable fragment (scFv) antibodies in
vitro [177-179]. This technology links the antigen-
specific immunoglobulin (Ig) variable (V) domains
from both heavy (Y ) and light chain (V) chains
into a single DNA coding sequence. Functional scFv
antibodies, fused to a minor coat protein of a
bacteriophage particle containing the gene encoding
the antibody, can be isolated against any desired
target from libraries containing over 10 different
antibody specificities. The phage antibody that binds
specifically to a target can be separated from non-
binding antibodies and then amplified, eliminating

tities of purified protein targets. Purification is often
difficult and time-consuming, and would not be
feasible on a global scale. As an alternative, peptides
have long been used to immunize animals for the
production of antibodies against the native protein
from which the peptide was derived. An obvious
appeal to using peptides as immunogenic targets i
the ability, in theory, to obtain scFv antibodies
against any given open reading frame without need-
ing to purify the protein.
With this technology in place, several groups are
currently developing antibody-based protein chips

[172,180]. Protein chips based on recombinant anti-

body fragments may be used in combination with
mass spectrometry to detect structural modifications
of single proteins, or capture specific proteins or
protein complexes via the use of high affinity sites.
Protein—protein interactions may be examined on a
large scale, through the use of epitope directed
analysis. Antibody arrays can be used to detect
differentially expressed proteins, allowing for the
possibility of comparative analysis between disease
states, tissue types, and treatment conditions.

Conclusions

Functional proteomics can potentially provide
qualitative, quantitative, and functional information
on all proteins present within a biological system.
The ability to identify a large number of proteins,
and characterize their differential expression and
post-translational modifications, will contribute sig-
nificantly to the understanding of disease and drug

discovery. Furthermore, since it is proteins rather
than genes that are directly responsible for most
reactions within a cell under any given condition,
this information promises to have a greater impact on
the biomedical field than could be derived from
genomic information alone. The promise of the
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discoveries yet to be made in this field, the recent

technological advances in mass spectroscopy, and
the completion of many different genome-sequencing
projects, have all contributed to the explosive growth

in the field of proteomics.

In this review, we have shown that there are a
very wide range of biological problems to be solved
in this area, and an equally diverse range of tech-
nological solutions available. Since many functional
proteomics applications involve extremely compli-
cated interacting networks of genes and proteins, it is
clear that no single methodology will be sufficient in
most cases.

Mass spectrometry is still one of the most im-
portant tools in the functional proteomics toolbox.
Continued technological advances, such as the de-
velopment of new MALDI-QTOF [181-183] and
MALDI-TOF-TOF [184] MS instruments, will
provide lower detection limits, improved specificity
and higher throughput for analysis of complex
mixtures. Rapid advances are also occurring in other
technological areas such as protein fractionation,
quantitative protein labeling and chromatographic
separation techniques. Taken together, these ad-
vances will provide the post-genomic biologist with
the ability to exploit the wealth of available genomic
data in order to answer questions of biological
significance.

6. Nomenclature

2DE two-dimensional electropho-
resis

AIDS acquired immune deficiency
syndrome

ESI electrospray ionization

ESI-TOF electrospray ionization—time
of flight

EST expressed sequence tag

ICAT isotope coded affinity tagging

IEF isoelectric focusing

IEF-SDS-PAGE isoelectric  focusing—sodium
dodecyl  sulfate—polyacryl-

amide gel electrophoresis
high pressure liquid chroma-
tography

immunoglobulin

HPLC

177
LC-LC-MS-MS liquid chromatography—Iliquid

chromatography—tandem
mass spectrometry

LC-MS-MS liquid chromatography tan-
dem mass spectrometry
mAb monoclonal antibody
MALDI-QTOF matrix-assisted laser desorp-
tion ionization—quadrupole-
time of flight
MALDI-TOF matrix-assisted laser desorp-

tion ionization—time of flight
MALDI-TOF-TOF matrix-assisted laser desorp-
tion ionization—time of flight—

time of flight
MCAT mass-coded abundance tag-
ging
MS mass spectrometry
MS-MS tandem mass spectrometry
MudPIT multi-dimensional protein
identification technique
RP reversed-phase
sckv single chain variable fragment
SCX strong cation-exchange
\Y, variable chain
Y heavy chain
LV light chain
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