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Abstract

Two-dimensional electrophoresis (2-DE) and shotgun peptide sequencing are the two major technologies to compare the expression profile
of proteins, which is also referred to as comparative proteomics or quantitative proteomics. Although the methodologies, such as difference gel
electrophoresis for 2-DE and isotope-coded affinity tags for shotgun peptide sequencing, have made rapid progress, these two approaches have
their own strengths and weaknesses. Therefore, the combination of the two methodologies is beneficial for the purpose of better comparative
p ns.
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. Introduction

Since the term “proteome” was firstly defined as “the total
rotein complement of a genome” by Wilkins et al.[1,2],

he field of proteome analysis, referred to as “proteomics”
as kept growing rapidly[3–5]. Proteomics includes protein

expression profiling of biological samples in one s
[1], comparison of the protein expression profiles in
or more states[6–8], protein–protein interaction analy
based on yeast two hybrid[9–13] or affinity purification
using a tagged protein as a bait[14–16], protein localization
[17] and three-dimensional structure determination[18,19].
Nowadays, all kinds of comprehensive or large-scale pr
∗ Corresponding author. Tel.: +81 3 3492 3131; fax: +81 3 5436 8587.
E-mail address:kkubot@sankyo.co.jp (K. Kubota).

analyses are called proteomics. Among them, comparative
expression profiling, also referred to as comparative pro-
1570-0232/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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teomics or quantitative proteomics, has been conducted
most extensively since the proteomics field arose, where
proteins from different biological states are compared
to understand various biological processes, to find new
diagnosis markers and to discover novel molecular targets of
drugs.

There are numerous methodologies to achieve this goal.
We can divide them into two major categories. One is where
proteins are identified after extensive separation. Owing to
extraordinary resolution, easy availability and abundant accu-
mulated knowledge, two-dimensional electrophoresis (2-DE)
is most widely used for this separation, though there are other
methods, such as organelle fractionation, one-dimensional
SDS–PAGE, various chromatographic techniques, methodol-
ogy incorporating chemically modified solid surfaces, liquid-
phase isoelectric focusing (IEF), free flow electrophoresis
and any combination of these methods[20–25]. In most cases,
separated proteins are quantified and compared using protein
staining, etc. followed by protein identification using mass
spectrometry (MS). The other category is where proteins are
identified without extensive separation. A complex protein
mixture is digested as it is with protease, and the resultant pep-
tides are separated with various chromatographic techniques
and introduced into the mass spectrometer. This shotgun pep-
tide sequencing, also referred to as shotgun proteomics, has
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Fig. 1. Separation and obtained information by 2-DE. Proteins are separated
by their isoelectric points (pIs) and their relative molecular mass in 2-DE.
Therefore, proteins with different post-translational modifications, such as
phosphorylation and processing, can be separated as different spots on 2-DE
gel.

inherently variable[33]. However, G̈org et al.[34] introduced
an immobilized pH gradient (IPG) technique to 2-DE instead
of using carrier ampholytes to make the pH gradient in the
IEF gel, and achieved better reproducibility and higher pro-
tein load capacity. Novel development of fluorescent dyes
for gel staining brought both high sensitivity comparable to
silver staining and a wider range of quantitation than silver
staining[35,36]. In other studies, two protein samples are la-
beled with two different fluorescent dyes separately and these
labeled proteins are combined and subjected to the same 2-
DE gel. This so-called difference gel electrophoresis (DIGE)
technique eliminates gel-to-gel variation, and thus determi-
nation of subtle changes can be achieved[37]. Though 2-DE
is sometimes treated as a classical technique, modification of
this method is still going on now[38].

The primary strength of 2-DE is its extremely high res-
olution compared to other separation techniques. 2-DE can
provide more than 10,000 detectable protein spots in a single
gel[39]. Thus, proteins with post-translational modifications
(PTMs), such as processing, phosphorylation and glycosyla-
tion, can be detected as separate spots on 2-DE gel (Fig. 1).
As discussed later, this discrimination of proteins with PTMs
is an obvious advantage over shotgun sequencing analysis.
Since 2-DE has a long history and numerous users, many in-
struments and reagents are commercially available from sev-
e rson
a ases
t y. In
a p to
t y us-
i city
e peri-
m es. A
s oge-
n pep-
een rapidly emerging since Link et al.[26] first demonstrate
t, and recent introduction of stable isotope labeling has m
t possible for more precise comparison in shotgun pep
equencing[27,28]. A further category is where protein se
ration and identification are conducted simultaneously
s by using protein chips[29,30]. However, these metho
re still in the developmental stage.

This review focuses on the most prevailing and cont
ng two methods, 2-DE and shotgun peptide sequenci
he context of comparative protein profiling. We would l
o reveal the complementarity of these two methods wit
ards to comprehensiveness of proteome coverage an

ein information through the comparison of their streng
nd weaknesses.

. Two-dimensional electrophoresis (2-DE)

Almost 30 years ago, high resolution 2-DE was develo
ndependently by O’Farrell[31] and Klose[32]. As the firs
tep of this method, proteins are separated by their isoel
oints (pIs) using gel-based IEF, followed by a second sep

ion using their relative molecular mass with SDS–PAGE
ther words, proteins are separated by their orthogonal
cteristics, charge and mass. Proteins in the gels are sta
pots, and the staining intensities of each spot are com
o determine the quantitative change of the protein expre
rofiling (Fig. 1).

During the early stages of 2-DE, it was difficult to rep
ucibly manufacture a large number of 2-DE gels bec

he pH gradients generated by the carrier ampholytes
s

ral suppliers. This availability helps good person-to-pe
nd laboratory-to laboratory reproducibility and decre

he burden on scientists starting to use this technolog
ddition, 2-DE can be readily conducted in parallel. U

welve gels can be run and stained simultaneously b
ng commercial instruments. This high-throughput capa
asily, therefore, allows us to increase the number of ex
ents to detect subtle changes with significant differenc

pot separated by 2-DE should consist of an almost hom
eous protein, and thus the protein can be identified by
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tide mass fingerprinting (PMF) using single mass spectrom-
eters. Tandem mass spectrometry (MS/MS) provides protein
identification with higher confidence than PMF, however,
tandem mass spectrometers practical for this purpose have
been available only in the last decade and are more expensive
than single mass spectrometers. Thus, most of the initial pro-
teome work used matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) type mass spectrometers for
protein identification[40–42], and PMF instead of MS/MS
for protein identification is a further strength of 2-DE analy-
sis.

In spite of these advantages, now it is accepted that 2-DE
is a far from perfect methodology for analyzing a proteome
[38,43]. The primary weakness of this method is difficulty
of detecting low abundant proteins. Theoretically, we can
only detect proteins at more than 1000 copies per cell due to
the loading capacity of 2-DE gels[38,44], and experimen-
tally, proteins identified on 2-DE gels exhibited strong bias
to high abundant proteins[45]. Hydrophobic proteins are an-
other group of proteins hardly observed on 2-DE gels[46,47].
In IEF, use of detergents to solubilize hydrophobic proteins
is severely restricted, and these proteins tend to aggregate
around their pI during electromigration, resulting in spots of
less focus. Proteins having extremely acidic or basic pI are
out of the range of one-dimensional IEF, and small proteins
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Fig. 2. Obtained information by shotgun peptide sequencing. Proteins are
digested as a mixture in shotgun peptide sequencing and only a fraction
of peptides are detected in LC/MS/MS analysis. Therefore, in most cases,
the ion intensity of a peptide reflects the total amount of the corresponding
protein, and proteins with different post-translational modifications, such as
phosphorylation and processing, cannot be separated.

the case of a simple protein mixture, one-dimensional sepa-
ration has sufficient capacity to separate the peptides.

However, in the case of highly complexed samples as in
proteomics, single separation of peptides would be insuf-
ficient and multidimensional separation would be needed.
Indeed, Link et al.[26] used two orthogonal chromato-
graphic technologies, cation exchange and reversed-phase
chromatographies, to separate a complex peptide mixture,
and identified more than 100 proteins of yeast ribosome in
a single run. Thereafter, Washburn et al.[56] identified ap-
proximately 1500 proteins from yeast lysate by optimization
of the system described by Link et al.[26]. This would be the
first application of shotgun peptide sequencing to large-scale
proteome analysis. The number of 1500 identified protein
species exceeds that identified in 2-DE analysis, moreover,
many low abundant or hydrophobic integral membrane pro-
teins were identified in this study[56]. In shotgun peptide
sequencing, proteins are digested to peptides which are char-
acteristically smaller and simpler and are thus easier to deal
with than proteins. Therefore, the hydrophobicity, pI and rel-
ative molecular mass of a protein does not limit this tech-
nology, unlike 2-DE, and the high sensitivity of MS allows
us to identify more low abundant proteins than in 2-DE. For
example, Wu et al.[57] identified more than 1600 membrane
proteins, a most unsuitable sample for 2-DE, using shotgun
p

nce
o file,
h ional
t ptide
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[
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f less than 10 kDa are out of the range of two-dimensi
DS–PAGE. Naturally, these proteins cannot be observ
-DE analysis. Even if the pI of a protein is within the rang
f IEF, basic proteins tend to be less focused, and s
ptimization of experimental conditions might be nee

48,49].
There have been many attempts to overcome these

omings. To increase the ratio of low abundant proteins,
ractionation of samples, such as by sequential extraction[50]
r microscale solution IEF[51], can be used. Modificatio
f solubilization conditions gives better resolution and

ection of proteins including hydrophobic ones[52]. Despite
hese considerable efforts, the comprehensiveness of
s insufficient to cover the whole proteome[38,46,47]. For
xample, membrane receptors, which are low abundan
ery hydrophobic, have rarely been observed in 2-DE an
is.

. Shotgun peptide sequencing

Development of MS/MS coupled with peptide sequen
r database searching provides capability of protein ide
ation from a mixture of proteins[53–55]. In these method
he protein mixture is digested by a protease to produce a
ollection of peptides, and these complex peptides are
ubjected to liquid chromatography tandem mass spectr
ry (LC/MS/MS) analysis (Fig. 2). Proteins in the initial mix
ure are identified by using the MS/MS spectra of the dige
eptides. Reliable protein identification is accomplishe
sing a fraction of the peptides produced from a protei
eptide sequencing.
By this methodology, we can investigate the prese

f proteins, in other words, a simple expression pro
owever comparative expression profiling needs addit

echnology. MS is used as a detector in all shotgun pe
equencing analysis. Although ion intensities of pept
7,58] or scores of database searching[59] correlate with
rotein quantity to some extent, quantitation by MS with

nternal standards is relatively unreliable because of
ifference in ionization efficiency or suppression effect.
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To circumvent this problem inherent in MS and compare
the protein expression of two samples more precisely, several
combinations of stable isotope labeling and shotgun peptide
sequencing have been introduced[27,28]. In those methods,
each protein mixture incorporates a different stable isotope by
chemical[60] or metabolic labeling[61] and the isotopically
derivatized samples are combined and subjected to shotgun
peptide sequencing analysis[27,28]. Peptides labeled with
light or heavy stable isotopes are observed as pairs of pep-
tide ions in mass spectra, and the ratio of light and heavy ion
intensities reflects the ratio of the initial protein amounts in
the two states. Above all, isotope-coded affinity tags (ICAT)
methodology, the first demonstration of chemical labeling,
is the most utilized[62–68], in which cysteine residues of
proteins are labeled with 8 Da separated light or heavy tags
and the labeled peptides are purified by using biotin included
in the tags[60]. Han et al.[69] compared two microsome
fractions, which contain many membrane proteins, and de-
termined the differences of approximately 500 proteins by
using this technology. However, the first generation of ICAT
reagents had some drawbacks. For example, deuterium af-
fects the retention time of peptides in reversed-phase chro-
matography, or intense fragment ions from the biotin part
of affinity tags hinders obtaining good MS/MS spectra for
database searching. Development of modified ICAT reagents
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In addition, in the case of the comparative expression pro-
filing, there is another problem with shotgun peptide sequenc-
ing. Precise comparison of the peptide amount needs isotopic
derivatization using a stable isotope, as described in the pre-
vious section. Stable isotopes are incorporated into specific
residues of proteins, and relative quantitation is based on the
ion intensities of these labeled peptides. To generate good
MS/MS spectra for identification, the labeled peptides must
have appropriate sizes and properties after protease digestion.
For example, cysteine residues are labeled in ICAT analysis.
Since 8% of yeast protein does not contain cysteine residues,
these proteins cannot be observed theoretically[60]. Among
the 92% remaining proteins, only proteins that produce la-
beled peptides suitable for LC/MS/MS, namely, not too short,
long, hydrophilic or hydrophobic, can be analyzed. That is,
only proteins which have appropriate sequences are observed
in these analyses. Indeed, all numbers of identified proteins
reported in this kind of analysis were less than 1000 and
smaller than non-comparative analysis. The coverage of the
whole proteome in this approach looks similar to that of 2-
DE.

Since both 2-DE and shotgun peptide sequencing strate-
gies are insufficient in themselves, combination of the two
strategies is promising to obtain a more comprehensive
proteome. There were a few studies using both 2-DE and
s ssion
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sing cleavable tags andC has been reported[70] and is
ommercially available now.

In addition, shotgun peptide sequencing is adequat
utomation. Since this analysis requires detection by a
ensive tandem mass spectrometer for each measure
arallel measurements are not practical, unlike in 2-DE. H
ver, all procedures in this method are conducted in solu
nd thus, automation of experiments can be accompl
ore easily than with the 2-DE approach by using on

olumn switching and liquid handling robots, which are g
rally used and less expensive than the gel handling r
sed for 2-DE analysis.

. Combination of 2-DE and shotgun peptide
equencing

.1. Proteome coverage

The human genome is predicted to encode 20,000–3
enes[71]. Though 2-DE could resolve more than 10,0
eparate spots[39], this does not mean we can identify 10,0
roteins in 2-DE gels. As described previously, since the s
rotein with different PTMs is observed as separate s
one of the 2-DE studies have identified more than 1000

ein species so far. With regard to shotgun peptide sequen
ore than 2000 protein species were identified in the

uccessful case[8]. Obviously, it would also be insufficie
o cover the whole proteome, though the number of pro
xpressed at one time is supposed to be much less th
ene number.
t,

hotgun peptide sequencing for comparative expre
rofiling [67,68], one of which was conducted in o

aboratory [68]. Our samples were conditioned media
ultured cells without serum and thus not very comp
ike whole cell lysate. However, we found that the ratio
verlap of identified proteins was relatively small (35%
-DE and 42% for ICAT analysis) and that the two meth
ad their own preferences[68]. Therefore, combination o

he two complementary methods would certainly prov
etter coverage of a proteome.

.2. Protein information

The protein information obtained from 2-DE analysi
ery different from that from shotgun sequencing. In 2-
nalysis, proteins with different pI or relative molecula
ass are observed as separate spots, and owing t

nformation about the pI and relative molecular mass as w
s the quantity and identity of the proteins, we can deter

he change in the levels of PTMs as illustrated inFig. 1.
n contrast, it is very difficult to detect PTMs in shotg
eptide sequencing analysis. Identification and quantit
f protein in shotgun peptide sequencing depend on

ified peptides, but sequence coverage of those peptid
ach protein is mostly less than 10%[57]. Therefore, th
ossibility that a modified peptide would be observed

dentified is very low. As a result, differences in prot
xpression in shotgun peptide sequencing analysis la
eflect changes in the total protein amount (Fig. 2). Even
-DE can resolve proteins with PTMs; determination of
odification itself is accomplished only by direct detec
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of the modification site. Thus, determination of a modifica-
tion site is not an easy task for 2-DE analysis, either. As to
shotgun peptide sequencing, development of new method-
ology aimed at determining PTMs by using purification of
proteins with specific PTMs is attempted very actively and
looks promising[72–78], but detailed description of such
modification-specific proteomics is beyond the scope of this
review.

Conversely, in 2-DE it is difficult to determine the total
amount of proteins. Since many proteins appear as multi
spots, it is necessary to sum all the spot intensities from a
protein to know the total amount of the protein. Therefore,
spots which show no change in intensity must be identified
in addition to up- or down-regulated spots, which would be
very time-consuming and labor-intensive. In contrast, most
differences determined by shotgun peptide sequencing natu-
rally indicate changes in the total protein amount as described
above.

Thus, combination of these complementary two methods
provides us with more information to understand biological
systems. Cathepsin B is a cysteine protease, which is
translated as 38 kDa of preprocathepsin B, secreted as
35 kDa procathepsin B with cleavage of signal peptide,
and finally processed to 28 kDa active cathepsin B (Fig. 3)
[79]. When we compared the proteome of secreted proteins
f by
2 pots
1 pot

F osteoclast differentiation. During differentiation from osteoclast progenitor to mature
o
d

Fig. 3. Cathepsin B maturation. Cathepsin B is translated as preprocathepsin
B of 38 kDa. The N-terminal signal sequence of preprocathepsin B was
removed during secretion to form procathepsin B of 35 kDa. Finally, the
N- and C-terminal sequences of procathepsin B were processed to form
cathepsin B of 28 kDa as an active enzyme.

3) during osteoclast differentiation[68]. PMF identified all
three spots as cathepsin B. Observed relative molecular mass
on the gels and close inspection of the peptide coverage map
of these identifications suggested that spots 1 and 2 were
procathepsin B whereas spot 3 was active cathepsin B. We
also analyzed the same samples by ICAT analysis[68], in
which cathepsin B was identified by using five ICAT-tagged
peptides: three peptides were in the sequence of active
cathepsin B and two peptides were in the sequence of the
N-terminal propeptide. The average fold change of the three
peptides in the active cathepsin B represents the change in
the total amount of cathepsin B and the change of the two
N-terminal peptides represents the change in the amount of
procathepsin B. The observed changes in the peptides during
osteoclast differentiation were 3.1- and 3.8-fold decreases,
respectively. In summary, the total amount of cathepsin
B decreased 3.1-fold, while at the same time, the ratio of
active cathepsin B increased during osteoclast differentiation
(Fig. 4). This is a good example to demonstrate the usefulness
rom RAW264.7 cells during osteoclast differentiation
-DE, we observed down-regulation of 40 kDa spots (s
and 2 inFig. 4) and up-regulation of a 35 kDa spot (s

ig. 4. Combination of 2-DE and ICAT analysis: cathepsin B during

steoclast, procathepsin B (spots 1 and 2 in 2-DE) decreased and active ca
etermined by ICAT analysis.
thepsin B (spot 3) increased, whereas the total amount of cathepsin B decreased, as
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Table 1
Comparison of two-dimensional electrophoresis vs. shotgun peptide
sequencing

Category 2-DE Shotgun

Comprehensiveness
Low abundant − ++
Hydrophobic + ++
Basic + ++

Information
Total amount + ++
pI ++ −
Molecular weight ++ −
Post-translational modifications + −

Identification
Peptide mass fingerprinting ++ −
MS/MS ++ ++

Throughput
Parallelism ++ +
Automation + ++

(−) very difficult; (+) possible; (++) favourable.

of the combination of information from 2-DE and shotgun
peptide sequencing analysis in comparative proteomics.

5. Conclusion

Proteins consist of 20 amino acids and some derivatives,
and this diversity brings a broad range of characteristics to
proteins. Therefore, regrettably, there is no single way to
analyze comparative proteomics. The strengths and weak-
nesses of the 2-DE and shotgun peptide sequencing methods
are summarized inTable 1. Even though combination of the
two methods is insufficient to meet all needs, the 2-DE and
shotgun peptide sequencing approaches are complementary
methods at present and their combination is beneficial for bet-
ter comparative proteomics, especially in comprehensiveness
of coverage of the proteome and protein information.

6. Nomenclature

2-DE two-dimensional electrophoresis
DIGE difference gel electrophoresis
ICAT isotope-coded affinity tags
I
I
L om-

M
M
M
p
P
P
T
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