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bstract

Agarose gel is the preferred electrophoretic medium currently used for separating high molecular mass (HMM) proteins (MW > 100 kDa).
garose gels are widely used for both SDS-agarose gel electrophoresis and agarose isoelectric focusing (IEF). A two-dimensional gel electrophoresis
ethod employing agarose gels in the first dimension (agarose 2-DE) that is sufficiently good at separating up to 1.5 mg of HMM proteins with
olecular masses as large as 500 kDa has been used to separate proteins from various diseased tissues and cells. Although resolution of the

garose 2-DE pattern always depends on the tissue being analyzed, sample preparation procedures including (i) protein extraction with an SDS
ample buffer; (ii) ultracentrifugation of a tissue homogenate; and (iii) 1% SDS in both stacking and separation gels of the second-dimension
DS-PAGE gel, are generally effective for HMM protein detection. In a comprehensive prostate cancer proteome study using agarose 2-DE, the
MM region of the gel was rich in proteins of particular gene/protein expression groups (39.1% of the HMM proteins but only 28.4% of the
MM ones were classified as transcription/translation-related proteins). Examples include transcription factors, DNA or RNA binding proteins,
nd ribosomal proteins. To understand oxidative stress-induced cellular damage at the protein level, a novel proteomic method, in which protein
arbonyls were derivatized with biotin hydrazide followed by agarose 2-DE, was useful for detecting HMM protein carbonyls in tissues of both

diabetes model Ostuka Long-Evans Tokushima Fatty (OLETF) rat and a control Long-Evans Tokushima Otsuka (LETO) rat. In this paper, we

eview the use of agarose gels for separation of HMM proteins and disease proteomics of HMM proteins in general, with particular attention
aid to our proteome analyzes based on the use of agarose 2-DE for protein separation followed by the use of mass spectrometry for protein
dentification.
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. Introduction

Proteomics [1], a new post-genomic field that encom-
asses protein expression and function in a cell or tissue, is
promising approach for better understanding the biology of

rganisms including human. Since an organism’s proteome
epends dynamically on the particular state of that organism,
roteomic studies may reveal pathologic states of diseases,
ncluding the amounts of proteins present, subcellular localiza-
ion of the proteins, extent of post-translational modifications
nd patterns of protein associations. The proteomic approach is,
herefore, conceptually attractive because it directly elucidates
rotein expression, accumulation, and degradation profiles in
issues.

High-molecular-mass (HMM) proteins (MW > 100 kDa) are
nown to be involved in a number of human diseases, includ-
ng Duchene and Becker muscular dystrophies (dystrophin: Mr

400 kDa) [2], hypothyroidism (thyroglobulin: Mr ∼330 kDa)
3], and cardiomyopathies (cardiac myosin heavy chain: Mr
200 kDa) [4]. Though a variety of proteomic techniques have

een described, at the moment purification of HMM proteins
emains a difficult task. O’Farrell [5] was the first to devise a
-DE technique capable of detecting more than 1000 spots in a
el. Though it is evident that this method is quite powerful, it
s not particularly suitable for analyzing HMM proteins larger
han 200 kDa. Hirabayashi [6] was the first to develop a 2-DE
ethod that could analyze HMM proteins as large as 500 kDa,

ncluding myosin heavy chain [6] and dystrophin [7]. His insight
as to use an agarose gel instead of a polyacrylamide gel for
he isoelectric focusing (IEF) in the first dimension. Agarose
els, when used for IEF, permit analysis of much larger proteins
han polyacrylamide gels can. Oh-Ishi and Hirabayashi [8] fur-
her improved this method by adding 1 M thiourea and 5 M urea

i
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o
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nto the agarose IEF medium. Thiourea, in combination with
rea, was reported to be a potent protein solubilizing reagent
9], especially effective for HMM proteins that could enter the
rst-dimensional agarose IEF gel [10].

Recently, defects in alternative splicing of mRNA [11] and
berrant post-translational modifications of a protein [12] were
hown to be important causes of disease. Detection and iden-
ification of a protein spot having an apparent molecular mass
nd pI different from those predicted from a protein database
re important applications of agarose 2-DE. In a comprehensive
ancer proteome study using agarose 2-DE, the HMM region of
he gel is rich in proteins of particular gene/protein expression
roups. Examples include transcription factors, DNA or RNA
inding proteins, and ribosomal proteins [13].

In this paper, we review the use of agarose gels for HMM
rotein separation and disease proteomics of HMM proteins
n general, with particular attention paid to our proteome ana-
yzes based on the use of agarose 2-DE for protein separation,
ollowed by the use of mass spectrometry for protein identifica-
ion.

. Physical and chemical properties of HMM proteins

An HMM protein (Mr > 100 kDa) is a very long molecule
onsisting of several structural and repeating domains, capa-
le of folding and functioning autonomously. HMM protein
omains have evolved by insertions or deletions of distinct pro-
ein domains [14]. Skeletal myosin heavy chain (MHC) (Mr

200 kDa), for example, consists of a head domain, contain-

ng the ATPase and actin-binding activities, and a rod domain,
omposed of 40 repeats of 28 residues each that are predicted to
orm an alpha-helical coiled coil [15,16]. The molecular mass
f an HMM protein, e.g., MHC and dystrophin, is often sev-
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Fig. 1. A schematic drawing of HMM and LMM proteins: comparison of the protein structure between native and denatured conditions. When proteins are to be
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nalyzed by 2-DE, denaturation of the proteins before IEF is essential. HMM p
angle easily in the presence of denaturants (urea, thiourea) and/or detergents (S

ral times larger than those of a typical low-molecular-mass
LMM) protein (Mr < 100 kDa), e.g., myosin light chain, actin,
nd tropomyosin.

Fig. 1 shows a schematic of representative HMM and LMM
roteins in native or denatured conditions. In the native state,
protein molecule has a precise three-dimensional structure

nd a corresponding proper biological function. When total pro-
eins in a cell or tissue homogenate are to be analyzed by 2-DE,
enaturation of the proteins, in general, is an essential procedure
efore IEF. As a result, the solubility of the denatured proteins
n aqueous solution may be sharply lowered, causing them to
recipitate as insoluble aggregates. In many cases, denaturation
s irreversible. HMM proteins that have both a long chain and
ydrophobic regions tend to aggregate or tangle easily, even
n the presence of powerful denaturants (urea, thiourea) and/or
etergents (SDS, CHAPS).

Though a variety of protein separation techniques have been
escribed, purification of HMM proteins remains a difficult task,
ecause (i) solubilization of an HMM protein greatly depends
n each protein’s physical and chemical properties; (ii) dena-
ured HMM proteins with hydrophobic regions tend to aggregate
n aqueous solution; and (iii) an HMM protein, having a long
olypeptide chain, is a target of endogenous proteases during
urification procedures.

Thyroglobulin (Tg), for example, is a large, 660 kDa globular
lycoprotein composed of two identical disulfide-linked sub-
nits (each subunit: 330 kD). Tg, produced by follicular cells of
he thyroid gland, is stored within the follicular lumen in a sol-
ble form. Homogenization of thyroid tissue with an extraction
edium that included high concentrations of urea and thiourea
enatured the Tg molecules, and they became entangled. Not
urprisingly, no Tg spot was visible in the immobilized pH gra-
ient 2-DE (IPG-Dalt) gel (but a Tg spot actually was visible
sing agarose 2-DE) [17].

a
m
a
p

s (>100 kDa), having long chain and hydrophobic regions, tend to aggregate or
HAPS).

. Separation techniques for HMM proteins

.1. Mass-spectrometry-based proteomics for HMM
roteins

Mass-spectrometry (MS)-based proteomics has become an
ssential tool for the qualitative and quantitative analysis of
roteins. “Shotgun proteomics” refers to the automated identifi-
ation and cataloging of proteins directly from complex protein
ixtures in order to rapidly generate a global profile of the

roteins in a tissue or cell [18]. In this approach, proteins are
nzymatically digested into peptides, separated via reversed-
hase liquid chromatography (LC) and analyzed automatically
y a mass spectrometer (MS). The method is capable of iden-
ifying a large number of proteins, often on the basis of a few
eptides only. Consequently, shotgun proteomics is suitable for
etecting proteins of lower abundance, and is not biased against
ertain classes of proteins such as basic proteins, membrane pro-
eins, and HMM proteins, which are difficult to detect by 2-DE
19]. However, a major limitation of MS-based proteomics is that
he connection between digested peptides and their assembly
nto proteins is difficult to achieve if some alternatively-spliced
ariants encoding a protein are present.

.2. Gel-based proteomics for HMM proteins

The IPG-Dalt method is not particularly suitable for analyz-
ng HMM proteins larger than 200 kDa [17]. However, a 2-DE
ethod with agarose gels in the first dimension (agarose 2-DE)
as shown to be suitable for HMM protein analysis [6,8,10]. The
garose 2-DE method would be preferable when (i) the intact
olecular mass and pI of HMM proteins are to be determined

nd (ii) small amounts of HMM protein are to be micro-
reparatively separated [17]. HMM proteins detected by agarose
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Table 1
HMM proteins (>100 kDa) separated by agarose 2-DE

Tissue (function) Protein Experimental MM Da/pI Theoretical MM Da/pI Reference

Rat Thyroid gland
Hormone production Thyroglobulin 330000/5.0 304645/5.04 [48]

Chicken skeletal muscle
Muscle contraction Myosin heavy chain 200000/6.0 223014/5.63 [6]

Mouse skeletal muscle
Anchoring the cytoskeleton to the

plasma membrane
Dystrophin 350000/5.5 425817/5.66 [7]

Human prostate cancer: LNCaP cells [35]
Cell division

ADP-ribosyltransferase 115000/8.5 113064/9.0
Damage-specific DNA binding
protein 1

115000/5.4 126893/5.2

RAD50 homolog 145000/7.5 153873/6.5
Tankyrase 1-binding protein 220 000/4.7 181786/9.0

Cell signaling/communication
Alpha-1 catenin 105000/6.7 100053/6.0
Clathrin heavy chain; clathrin,
heavy polypeptide-like 2

160000/6.2 191595/5.5

Laminin gamma-1 chain
precursor

170000/5.1 177588/5.0

Nucleoprotein TPR 280000/6.4 265600/5.0
Sec23-interacting protein p125 115000/5.5 111058/5.4
Spectrin alpha chain 260000/6.2 285046/5.2

260000/5.5
260000/5.2

Cell structure/motility
Alpha-actinin 1, cytoskeletal
isoform

105000/5.3 102956/5.2

Alpha-actinin 4 100000/5.4 102250/5.3
Chondroitin sulfate proteoglycan
6

135000/7.8 141523/6.8

Dynactin 1 145000/6.2 139941/5.5
Filamin B, beta 280000/6.3 278174/5.5
Myosin heavy chain, nonmuscle
type A

200000/7.2 226512/5.5

200000/7.7
200000/7.6
200000/6.7
190000/6.8

Plectin 1 500000/6.6 518475/5.6
Talin 240000/7.2 269697/5.7

Cell/organism defense
Oxygen regulated protein
precursor

140000/6.2 111317/5.2

Gene/protein expression
Alanyl tRNA synthetase 110000/5.9 105325/5.3
Chromatin-specific transcription
elon-gation factor FACT 140 kDa
subunit

130000/7.2 119895/5.5

Chromosome 20 open reading
frame 14

130000/8.0 107095/8.6

Coatomer beta subunit 2 105000/6.0 102469/5.2
FYVE and coiled-coil domain
containing 1

170000/5.0 166963/4.9

Glutamyl-prolyl tRNA synthetase 160000/7.5 163007/7.8
Hypothetical protein FLJ10839 140000/6.7 132839/5.6
Kruppel-type zinc finger protein
(PEG3)

180000/6.3 180808/5.3

Leucyl tRNA synthetase 120000/7.4 134392/6.8
MOP-4 115000/6.0 117979/5.8
Puromycin-sensitive
aminopeptidase

100000/5.6 103284/5.5
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Table 1 (Continued )

Tissue (function) Protein Experimental MM Da/pI Theoretical MM Da/pI Reference

Ran binding protein 2 400000/6.8 358154/5.9
RNA helicase (KIAA0801) 130000/7.2 117443/9.3
Scaffold attachment factor B
(SAFB)

150000/6.5 165120/5.3

SMC1 structural maintenance of
chromosomes 1-like 1

145000/8.0 143186/7.5

SMC2 structural maintenance of
chromosomes 2-like 1

130000/8.6 135762/8.7

Splicing coactivator subunit
SRm300

600000/6.7 299658/12.1

Splicing factor 3b, subunit 3,
130 kDa

130000/5.6 135559/5.1

Squamous cell carcinoma antigen
recognized by T cells 3

125000/6.7 109916/5.5

Translation initiation factor 2 165000/6.7 138910/5.4
Translation initiation factor 3,
subunit 10 theta

160000/7.7 166551/6.4

Translation initiation factor 3,
subunit 8

110000/6.7 105325/5.5

U5 snRNP-specific protein,
116 kD

115000/5.6 109417/5.3

Ubiquitin specific protease 7
(herpes virus-associated)

130000/6.0 128253/5.3

Ubiquitin-activating enzyme E1 115000/6.0 117771/5.6
Valyl tRNA synthetase 2
(Metabolism)

135000/7.6 140475/7.5

ATP-citrate (pro-S-)-lyase 115000/7.5 120807/7.0
Fatty acid synthase 220000/6.6 273070/6.2
Glucosidase II alpha subunit 110000/7.5 109419/5.8
Hexokinase 1 110000/6.7 102720/6.3
High density lipoprotein binding
protein (vigilin)

150000/7.3 141421/6.4

Methylenetetrahydrofolate
dehydrogenase

105000/7.5 101541/6.8

Oxoglutarate dehydrogenase 105000/6.4 113457/6.6
Pyruvate carboxylase 115000/6.5 129615/6.4
Trifunctional purine biosynthetic
protein adenosine-3

110000/6.6 107749/6.3

Unclassified
KIAA0336 gene product 180000/5.5 184639/5.1
Leucine-rich PPR-motif
containing

135000/6.2 145182/5.5

The ha1225 gene product 105000/5.7 106750/5.7
Protein for MGC:21133 120000/5.0 128994/5.0
[Mouse] alpha-spectrin 1 300000/4.9 279845/4.9
[Mouse] murinoglobulin 1 170000/5.8 165139/6.0

Human esophageal cancer [50]
Periplakin 190000/5.2 204506/5.33
Vinculin 130000/5.4 116645/5.75
Myosin heavy chain nonmuscle
form A

130000/4.8 226582/5.41

Caldesmon 1 isoform 1 120000/5.5 93176/5.5
Smooth muscle myosin heavy
chain 11 isoform SM1

110000/4.9 227179/5.29

E sition
a

2
T

c
b

a

xperimental molecular mass (MM) and pI were obtained from the protein po
mino-acid sequence.

-DE from various cells and tissues are shown collectively in

able 1.

In human plasma, noncovalently associated protein–protein
omplexes with apparent molecular mass 60–600 kDa can
e analyzed by nondenaturing 2-DE [20]. In this system,

3
fi
t
g

on 2-DE gels. Theoretical molecular mass (MM) and pI were calculated by

n agarose gel (1% agarose containing 2.0% Ampholine pH

.5–10 and 0.5% Ampholine pH 3.5–5) was used for the
rst-dimensional nondenaturing IEF. In the absence of dena-

uring agents in the second-dimensional polyacrylamide slab
el, alpha2-macroglobulin (alpha2M), high density lipopro-
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ein (HDL) and haptoglobulin phenotype 2-1 (Hp2-1) have
pparent molecular masses of about 600, 150 and 212 kDa,
espectively. However, when a nondenaturing IEF agarose gel
as equilibrated with a 2% SDS solution and then subjected

o second-dimensional gel electrophoresis in the presence of
DS, an alpha2M spot appeared at an apparent molecular mass
f about 320 kDa, suggesting that it dissociates into its half-
olecule in the presence of SDS. This shows that, even if a

rotein complex in human plasma has a molecular mass larger
han 100 kDa, the nondenaturing agarose IEF gel can be useful
or separating the complex.

Almost all proteins in a eukaryotic organism are modified
rom their mRNA-translated polypeptide by post-translational
odifications (PTMs), which result in a protein diversity far

xceeding the complexity of the genome [21]. One of the advan-
ages of 2-DE is that it can resolve post-translationally modified
PTM) proteins into multiple spots, providing useful informa-
ion when comparing the abundance of PTM proteins to that
f the corresponding mRNA [22]. Specialized methods have
een developed to study phosphorylation (phosphoproteome)
23] and glycosylation (glycoproteome) [24]. When we com-
are the gel-estimated Mr/pI of each HMM protein with the
heoretical Mr/pI of the HMM protein calculated from a protein
atabase, we notice that discrepancies can occur between the
wo results. These discrepancies occur partly because the elec-
rophoretic mobility of the HMM protein is highly sensitive to
TM. This makes it possible to assess the modification state of

he protein.
Roncada et al. [25] reported that the resolution of HMM

roteins analyzed by SDS-PAGE could be improved by using
els that are copolymers of acrylamide and allyl agarose instead
f pure polyacrylamide. This improvement is partly due to the
igher average pore size of the copolymer gel, which does not
ntrap HMM proteins at the top. To investigate the performance
f such copolymer gels for the second-dimension of 2-DE, they
erformed 2-DE of proteins extracted from the membranes of
ed blood cells (RBCs). The 2-DE map provided by the acry-
amide/agarose copolymer showed well-defined spots in the
60–220 kDa range (spectrin alpha chain).

. Analytical aspects and benefits of agarose gels

.1. Comparison of agarose and polyacrylamide gels for
rotein separation

Agarose gel is the preferred chromatographic medium
sed for separating biological molecules of molecular mass
250 kDa, for which minimal nonspecific binding and retention
f biological activity is required [26].

One of the reasons that agarose gels are suitable media
or analyzing HMM proteins is the pore size of agarose gels,
hich was reported to be much larger than that of the poly-

crylamide gels. The pore size of agarose gels at 0.5%–3.0%

oncentrations was 800 to 260 nm, respectively [27], while the
pparent polyacrylamide gel pore radii ranged from 21 nm in
els containing 10.5% T, 5% C to 200 nm in gels with 4.6% T,
% C [28].

a
a
h
b
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In conventional SDS gel electrophoresis, the most commonly
sed separation matrix is a cross-linked polyacrylamide gel,
ypically at concentrations higher than 5%, or, when used in a
radient format, up to 25% [29]. The acrylamide concentration
s selected to maximize resolution of the proteins of interest. A
ypical gel of 7% acrylamide composition nicely separates pro-
eins with molecular mass between 45 and 200 kDa. In order
o nicely separate smaller HMM proteins (100–200 kD), the
oncentration of acrylamide needs to be less than 5%. Note
hat, although the lowest percentage of acrylamide that will
llow gelation is around 3%, gels made with less than 4% acry-
amide are extremely difficult to work with, and thus rarely used
30].

.2. SDS-agarose gel electrophoresis

Polyacrylamide-based SDS gels with very high molecular
ass (VHMM) proteins (>500 kDa) is highly problematic, since

rotein migration is very limited in them. Attempts to overcome
his problem through the use of large porosity gels are com-
romised by such gels’ mechanical instability [31]. In addition,
he transfer efficiency of HMM proteins out of polyacrylamide
els is low, which makes Western blotting a difficult challenge.
y contrast, major advantages of agarose gels include increased
obility of VHMM proteins, improved resolution of isoforms,

igher mechanically stability of the gels, and a much higher
ransfer efficiency to Western blots [31].

Various types of agarose gels have been used for separation
f HMM proteins. SDS-agarose gels have been commercially
vailable from FMC Bioproducts (Rockland, ME, USA) for
ver 10 years. Warren et al. [31] reported the SeaKem Gold
garose gel (Biowhittaker Cell Biology Products, Walkerville,
D, USA) worked best among various types of agarose

r polyacrylamide gels for separating titin (3000–4000 kDa),
ovex-3 (700 kDa) and neblin isoforms (600–900 kDa) from
keletal and cardiac muscle extracts. The ProSieve resolv-
ng gel has been used horizontally to separate glycoproteins
n a 150–220 kDa range [32]. Gabriel and Zentner [33]
eported that SDS agarose gel electrophoresis and electroelu-
ion are suitable methods for studying very large molecular

ass salivary mucin glycoproteins (>450 kDa). The superior
echanical strength of agarose, even at low gel concentra-

ions, its biological inertness, and its stability in the pH range
f 4–9 make it a popular electrophoresis separation matrix
29].

.3. Agarose IEF

Agarose gels for isoelectric focusing (IEF) have been used
or protein separation since the 1970s. Rosen et al. [34] reported
hat the resolving power of agarose IEF was comparable to that
btained in thin-layer IEF in polyacrylamide gels when native
9S IgM and alpha 2-macroglobulin were separated. However,

garose-based IEF has not been widely used for protein sep-
ration, mainly because the agarose gels are fragile and pose
andling difficulties when compared with polyacrylamide gel-
ased IEF.
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Fig. 2. Protein extraction efficiency of SDS in combination with urea and thiourea. (a) Human prostate cancer cells LNCaP (50 mg in weight) was homogenized with
a 20-fold volume of extraction medium (7 M urea, 2 M thiourea, 2% w/v CHAPS, 0.1 M DTT, 2.5% w/v Pharmalyte pH 3–10 and protease inhibitors (Complete Mini
EDTA-free; Roche Diagnostics, Mannheim, Germany). After centrifugation, 200 �L of the sample solution was applied to the agarose IEF gel. (b) LNCaP (50 mg in
w S, 10%
o uged
t n, 10
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eight) was homogenized with a 10-fold volume of SDS sample buffer (2% SD
f the extraction medium was put into the homogenate, mixed well, then centrif
he solution volume was reduced to one-fifth of the original. After centrifugatio
tained with PhastGel Blue R. HSA: human serum albumin.

Hirabayashi [6] was the first to develop a 2-DE method using
garose IEF in the first dimension. Oh-Ishi and Hirabayashi
8] further improved the method by adding 1 M thiourea and
M urea into an agarose IEF medium. A thiourea-urea agarose

EF solution does not gel at room temperature but at 4 ◦C, and
he gel formed at 4 ◦C does not melt when the gel is returned
o room temperature [35]. From the practical point of view,
he 1 M thiourea-5 M urea-agarose IEF gel was a tremendous
mprovement over the 7 M urea-agarose IEF gel originally devel-
ped [6], because the agarose solution temperature no longer
eeded to be kept above 40 ◦C when preparing agarose IEF
els.

Mukai et al. [36] selected agarose gel IEF among various
echniques employing charge differences for protein separation,
ince it has the following advantages: (i) isoelectric focus-
ng is superior in resolution and in the separable pI range of
roteins than ion-exchanging chromatography or other charge-
ased chromatographic or electrophoretic techniques; and (ii)
n agarose gel has a larger average pore size than a polyacry-
amide gel, thus it is better suited for separating HMM protein
omplexes.

. 2-DE with agarose gels in the first dimension
Agarose 2-DE)

.1. Importance of solubilization of HMM proteins for
garose 2-DE

The use of different solubilization conditions for HMM pro-
eins can increase the total number of protein spots detected on a
-DE gel. Since the overall resolution of a 2-DE pattern always
epends on the tissue being analyzed, the researcher will need to
nvestigate various solubilization alternatives in order to find the

ethods and reagents that meet their requirements and optimize
onditions for their study.
Thiourea, when used in combination with urea, was reported
o be an efficient solubilizing reagent for HMM proteins [10].
or example, in skeletal muscle HMM proteins (myosin heavy
hain, C-protein and alpha-actinin), the available amounts of

s
M
a
t

w/v glycerol, 5% w/v 2-ME, 0.0625 M Tris–HCl, pH 6.8). A 10-fold volume
with Ultrafree-0.5 centrifugal filter units (Millipore, Billerica, MA, USA) until
0 �L of the sample solution was applied to the agarose IEF gel. The gels were

hese HMM proteins increased significantly when 1 M thiourea
nd 5 M urea were used for protein extraction.

SDS, a negatively charged ionic detergent, has been widely
sed in the first stages of solubilization of proteins [37]. Since
lmost all the proteins in any tissue or cell are solubilized
y SDS, protein mixtures are often analyzed by SDS-PAGE.
owever, SDS-protein complexes, being uniformly negatively

harged, are not compatible with IEF, and must be removed from
he protein mixture before IEF [17]. Instead of SDS, non-ionic
etergents, such as Triton X-100 and Nonidet P-40, or zwitteri-
nic detergents, such as CHAPS, have been used for extraction
edia and/or IEF gels.
SDS is occasionally used for extraction of HMM proteins

uch as membrane integral proteins [38]. We tested the usage
f SDS in HMM protein extraction medium in our laboratory.
ig. 2 shows agarose 2-DE patterns for human prostate cancer
ells obtained in the absence (Fig. 2a) or presence (Fig. 2b) of
DS in the extraction media. In the former case, human prostate
ancer cells LNCaP (50 mg in weight) were homogenized
ith a 20-fold volume of a 7-M urea-2-M thiourea extrac-

ion medium (7 M urea, 2 M thiourea, 2% w/v CHAPS, 0.1 M
TT, 2.5% w/v Pharmalyte pH 3–10 and protease inhibitors:
omplete Mini EDTA-free; Roche Diagnostics, Mannheim,
ermany). After centrifugation, 200 �L of the sample solu-

ion was applied to the agarose IEF gel. In the latter case,
NCaP (50 mg in weight) was homogenized with a 10-fold
olume of SDS sample buffer (2% SDS, 10% w/v glycerol,
% w/v 2-ME, 0.0625 M Tris–HCl, pH 6.8). Since SDS occa-
ionally disrupts a 2-DE pattern, extensive removal of SDS
efore IEF is an essential procedure. To accomplish this, a 10-
old volume of the 7-M urea-2-M thiourea extraction medium
as put into the SDS-treated homogenate, mixed well, then

entrifuged using Ultrafree-0.5 centrifugal filter units (Milli-
ore, Billerica, MA, USA) until the solution volume reduced
o one-fifth of the original. After centrifugation, 100 �L of the

ample solution was applied to the agarose IEF gel. The 7-

urea-2 M thiourea extraction was not as effective (Fig. 2a)
s SDS extraction (Fig. 2b) in solubilizing these HMM pro-
eins.
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Fig. 3. Effect of ultracentrifugation. (a) Rat testis was homogenized with the extraction medium. The homogenate was centrifuged with a TOMY TMA-6 rotor
at 15 000 rpm (30 000 × g) for 20 min. (b) The homogenate was centrifuged with a Beckman Coulter TLA-55 rotor at 50 000 rpm (112 000 × g) for 20 min. After
centrifugation, 100 �L of each sample solution were applied to the agarose IEF gel. Arrows point to vertical streaks at the alkaline side of the second-dimensional
SDS-gel, which came from proteins trapped on the alkaline top of the first-dimensional agarose gels. ACT: actin; HSP70: heat shock protein 70.

Fig. 4. Effect of ultracentrifugation. (a) Rat thymus was homogenized with the extraction medium. The homogenate was centrifuged with a TOMY TMA-6 rotor at
1 a Bec
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5 000 rpm (30 000 × g) for 20 min. (b) The homogenate was centrifuged with
upernatant was centrifuged again with the same rotor at 50 000 rpm for 20 mi
EF gel. Arrows point to vertical streaks at the alkaline side of the second-dime

.2. Importance of ultracentrifugation of samples

Our experience using 2-DE with various cells and tissues tells
s that optimum sample preparation procedure depends on the
ample. Proteome analysis of tissues with high DNA content,
uch as testis and thymus, is a very challenging task, because (i)
any DNA binding proteins, including histones and transcrip-

ional factors, are tightly complexed with DNA molecules; (ii)

NA molecules, which are acidic substances, can rush into the

garose IEF gel and destroy it before any proteins enter the gel,
f the tissue extract is applied at the alkaline end of the gel; and
iii) the long-chain DNA can entangle with other proteins at the

I
D
t
I

ig. 5. Effect of 1% SDS in the second-dimensional SDS-polyacrylamide gel for an
olyacrylamide gel includes 0.1% SDS according to the method of Laemmli. (b) 1% S
re different in the square regions (HMM protein regions) surrounded by dotted lines
kman Coulter TLA-55 rotor at 50 000 rpm (112 000 × g) for 20 min. The clear
er centrifugation, 100 �L of each sample solution were applied to the agarose
al SDS-gel. ACT: actin; HSP70: heat shock protein 70.

lkaline end of the IEF gel. Thus, removal of DNA molecules
rom the tissue extracts before sample loading is an essential
rocess.

Figs. 3 and 4 show the effectiveness of ultracentrifugation
or removing DNA from DNA-abundant homogenates before
EF. Ultracentrifugation with Beckman Coulter TLA-55 rotor
t 50 000 rpm (112 000 × g) for 20 min was effective in subse-
uently obtained a well-resolved agarose 2-DE pattern (Fig. 3b).

n the case of the thymus tissue extracts (Fig. 4), in which
NA is highly abundant, the clear supernatant should be cen-

rifuged again at 50 000 rpm (112 000 × g) for 20 min before
EF (Fig. 4b). The right arrow in Fig. 4a shows the alka-

alyzing HMM proteins of rat submaxillary gland. (a) The second-dimensional
DS was both in the stacking and separation gels. Note that protein spot densities
in (a) and (b). RSA: rat serum albumin.
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ine end of the agarose IEF gel. Note how the IEF gel was
hortened because of the highly abundant DNA in the thymus
issue.

.3. Importance of SDS concentration of the
econd-dimensional SDS-polyacrylamide gel

O’Farrell applied the stacking gel system of Laemmli to the
econd-dimensional SDS-PAGE of his 2-DE system [5]. How-
ver, we noticed that 0.1% SDS concentration in the gel was not
ufficient to solubilize HMM proteins in the first dimensional
garose IEF gel and to maintain solubility during the second-
imensional SDS-PAGE. Fig. 5 shows the effectiveness of 1%
DS in the second-dimensional SDS-polyacrylamide gel for
nalyzing HMM proteins of rat submaxillary gland. By com-
aring Coomassie-stained 2-DE patterns, we easily observed
hat the HMM protein spot densities are in general much thinner
n Fig. 5a than in Fig. 5b (the square regions surrounded by dot-
ed lines in Fig. 5a and b). Among tissues inspected, we noticed
hat tissues such as the submaxillary gland, sublingual gland
nd intestinal mucus, which bear abundant mucins (major gly-
oprotein components of mucus), are likely to distort the HMM
rotein region of an agarose 2-DE pattern.

. Use of agarose 2-DE in cancer proteomics of HMM
roteins

Cancer proteomics is expected to be useful for discovering
ew biomarkers and drug targets, present in serum and other
issues, that would give us means for early diagnosis of cancer,
nventive cancer therapeutics and drug discovery [39]. One of
he most prevalent and successful models in cancer research
s that cancer involves changes in gene expression. However,
iven recent indications that alternative splicing is a widespread
echanism of functional regulation in the human genome, it

s interesting to ask whether cancer might involve changes in
RNA splicing [40]. Whereas in normal cells such failures of the

plice site selection machinery rarely occur [41], their frequency
an be greatly elevated in tumors [42]. Cancer-associated mRNA
plice variants have been reported for HMM proteins such as
GFR (Mr ∼170 kDa), lactate dehydrogenase (Mr ∼142 kDa),
adherin-11 (Mr ∼120 kDa), and fibronectin (Mr ∼440 kDa)
43]. Since gene expression profiles based on mRNA analysis
o not always correlate with protein expression data, detection
nd identification of a cancer-specific isoform of HMM proteins,
hich then could be useful targets of cancer proteomics for early
etection of cancer and for evaluation of tumor progression, is
eeded.

.1. Prostate cancer

Although PSA has been a useful biomarker for prostate
ancer, PSA in the “gray-zone” from 4.1 to 10 ng/mL is not par-

icularly effective for differentiating prostate cancer from benign
rostate diseases [44,45].

We made a comprehensive study of protein expression of
ndrogen-independent (AI) prostate cancer (LNCaP human

t
o
d
w
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rostate tumors) by means of agarose 2-DE followed by liq-
id chromatography–tandem mass spectrometric analysis [46].
bout 500 protein spots could be seen on a 2-DE gel stained
ith PhastGel Blue R. We successfully identified 295 proteins

91.0%) out of 324 spots excised. 233 out of 295 were non-
edundant. Within this set, we divided the 226 cancer-related
roteins into 64 high-molecular-mass (HMM) and 162 low-
olecular-mass (LMM) groups based on their molecular masses

eing above or below 100 kDa. HMM and LMM proteins were
bserved to have different compositions with regard to func-
ional classification: 39.1% of the HMM proteins but only 28.4%
f the LMM ones were classified as transcription/translation-
elated proteins. Successfully obtaining this result was due to
ur usage of an agarose 2-DE method for protein separation.
his method was sufficiently good at separating HMM proteins
s large as 500 kDa and as much as 1.5 mg of total protein.

In light of this demanding situation, we expected that our
garose 2-DE maps would be a reasonable starting point for
iscovering new prostate cancer biomarkers. We identified 12
roteins that had not been reported previously to bear any rela-
ion to cancer and 35 more that had been considered to have
omething to do with cancer in general, but not with prostate can-
er in particular [46]. Some of these proteins might be candidates
s new biomarkers for prostate cancer, and further investigation
s ongoing in our laboratory.

It should be noted that we did not identify certain well-
nown prostate cancer biomarkers such as PSA, PSMA, p53,
p27, Bcl-2, Ki-67, and E-cadherin [47] that had been found
sing genomic approaches. We believe that these discrepancies
ere due to the following: it was reported that the correla-

ion between mRNA and protein levels was insufficient for
eliably predicting protein expression levels from quantitative
RNA data [48,49]. Consequently, this proteomic approach
ay also have the capability of finding biomarkers that are

ifferent than those found by genomic approach [13]. The dis-
repancies might be attributed to the low sensitivity of our
ethods for protein detection with Coomassie Blue staining.
ilver stain is one to two orders of magnitude more sensi-

ive for detection of protein than Coomassie Blue staining.
n fact, we could find at least several hundred protein spots
hen the silver staining method was used for protein detection.
e used a 2D-DIGE system with agarose 2-DE for detec-

ion of human esophageal cancer proteins [50]. Our technique
s thus also compatible with the sensitive CyeDye detection
ystem.

.2. Colorectal cancer

Although extensive proteome studies of colorectal cancer
ave been performed by several investigators, only a limited
umber of proteins have been identified, probably due to small
oading capacity [51–55]. In order to significantly increase the
mount of starting protein, we used the agarose 2-DE method

o compare the protein expression profiles in normal and col-
rectal cancer tissues [56]. For HMM proteins, no significant
ifference between the tumor tissue and adjacent normal mucosa
as observed. On the other hand, we did identify 36 LMM
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is reduced in the rdw thyroid. Increased levels of the chaperone
proteins and the pH shift of Tg in the rdw thyroid suggest an accu-
mulation of misfolded, aberrantly glycosylated, or unassembled
Tg. In fact, the primary cause is a single point mutation in the
20 M. Oh-Ishi, T. Maeda / J. Ch

roteins whose expression is altered in tumor tissue compared
ith adjacent normal mucosa. They include novel proteins

uch as eukaryotic translation initiation factor 4H (eIF-4H),
norganic pyrophosphatase, voltage-dependent anion channel

(VDAC1), adenylyl cyclase-associated protein (CAP1) and
uclear chloride ion channel protein (NCC27). The elevated
xpression of these proteins in cancer tissues was confirmed
y Western blot. Moreover, post-translational modifications of
rolyl-4-hydroxylase beta subunit (P4HB), annexin A2 and
riosephosphate isomerase 1 (TPI1) were also identified. Inter-
stingly, cleavage of P4HB was tumor-specific, whereas annexin
2 was resistant to proteolytic cleavage in tumor tissues. These
ovel findings demonstrated that the higher loading capacity of
garose 2-DE helps make it a powerful technique for looking for
ot only quantitative but also key qualitative changes in the bio-
ogical process of interest. These capabilities will undoubtedly
ontribute to our understanding of the underlying mechanisms
f diseases such as cancer.

.3. Esophageal cancer

Esophageal cancer is one of the most lethal malignant tumors.
he aggressive behavior of this tumor is often associated with
ystemic spread of the disease at the time of diagnosis [57].
sophageal cancer has a high incidence of locoregional recur-

ence after radical surgery, and long-term survival is low [58].
hus, to improve the prognosis of esophageal cancer, the devel-
pment of early detection methods is critical. We identified
ovel proteins with altered expression in primary esophageal
ancer using agarose 2-DE and agarose 2-D DIGE [50]. Thirty-
hree proteins out of 74 spots with altered expression in tumors
ere identified. They include five HMM proteins periplakin

∼195 kDa), vinculin (∼130 kDa), myosin heavy chain nonmus-
le form A (∼130 kDa), caldesmon 1 isoform 1 (∼120 kDa),
nd smooth muscle myosin heavy chain 11 isoform SM1
∼110 kD). Among them, a membrane-associated, 195 kDa pro-
ein, periplakin, was significantly downregulated in esophageal
ancer, which was confirmed by immunoblotting. Immunohis-
ochemistry showed that periplakin was mainly localized at
ell–cell boundaries in normal epithelium and dysplastic lesions,
hile it disappeared from cell boundaries and shifted to the cyto-
lasm in early cancers and was scarcely expressed in advanced
ancers [50]. These results suggest that periplakin could be
useful marker for detection of early esophageal cancer and

valuation of tumor progression.

. Endocrine disease proteomics of HMM proteins

The human endocrine system is a complicated network of
ormone-producing organs that control metabolism, growth,
nd development. Too much or too little of a certain hormone
as deleterious effects throughout the body and causes various
ndocrine disorders. Endocrine diseases, including hypothy-

oidism and diabetes, show abnormalities in many different
rgans and tissues. Endocrine proteomics is expected to be use-
ul for discovering new biomarkers and drug targets present in
erum and various tissues or organs. Such discoveries would

F
e
u
i
s

togr. B 849 (2007) 211–222

ive us new means for early diagnosis of endocrine disor-
ers, as well as inventive therapeutics and drug discovery.
lthough many organs can be affected by hormonal disorders,

here are currently few validated biomarkers useful for evalua-
ion of individual risk and staging the degree of target organ
bnormality. Detection and identification of proteins related
o endocrine diseases requires an extensive proteomic anal-
sis of various tissues and organs of an appropriate animal
odel.

.1. Hypothyroidism and dwarfism

Because hormone abnormalities affect many organs and tis-
ues, agarose 2-DE in an endocrine system proteome project
s expected to reveal virtually all proteins present in associated
ells and tissues at any given time.

We searched for proteins known to be related to hereditary
warfism in the rdw rat (gene symbol: rdw) in various tissues
f the rat with agarose 2-DE followed by immunoblotting and
icrosequencing [59]. Among 10 tissues inspected, only the

ituitary and thyroid glands showed abnormalities in protein
ontents. The abnormalities in the rdw thyroid were far more
erious than in the pituitary. Fig. 6a shows that at least 18 pro-
ein levels in the rdw thyroid were above, and 17 were below,
ormal (Fig. 6b). Those identified among the increased proteins
ere endoplasmin (GRP94), immunoglobulin heavy chain bind-

ng protein (BiP/GRP78) and heat shock protein 70 (hsp70), the
ontents of which, respectively, were 40×, 10× and more than
0× higher in the rdw thyroid as in the normal tissue. These
ncreased proteins are known to be molecular chaperone pro-
eins. The observation of a decrease in thyroglobulin (Tg: Mr

330 kDa/subunit, 660 kD total) content in the rdw thyroid, as
hown in Fig. 6a and b, suggests that thyroid hormone production
ig. 6. Comparison of agarose 2-DE patterns of rdw (a) and the normal thyroid
xtracts (b). The 2-DE gels were stained with PhastGel Blue R. Tg: thyroglob-
lin (Mr ∼330 kDa/subunit; 660 kD total); HSP70: heat shock protein 70; BiP
mmunoglobulin heavy chain-binding protein. Note that the pI of rdw Tg was
hifted from pH 5–6.
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Fig. 7. An agarose-2D-DIGE pattern of rat liver proteins. Proteins extracted
from the liver of the 50-week-old control LETO rat were labeled with green
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g gene [60]. This was originally inferred from the proteomic
tudy [59] and later confirmed by sequencing the Tg cDNA [60].
lthough a missense mutation (G2320R) in the Tg gene is the
rimary cause of the hereditary disorder, the deficiency of thy-
oid hormone (T4) also influences the developmental process of
he rdw rats.

.2. Diabetes

Proteins related to diabetes in the model Otsuka Long-Evans
okushima Fatty (OLETF) rat, which resembles human diabetes
ellitus Type II, were searched for in various tissues of the

at by a combined method of agarose 2-DE and agarose 2D
IGE. Long-Evans Tokushima Otsuka (LETO) rat was used as
control. This method allowed us to investigate differences in

he 2-DE patterns from tissue extracts of OLETF and LETO
ats, including changes in the amount of several proteins larger
han 100 kDa (HMM proteins). In Fig. 7, red spots indicate
roteins that are upregulated and green ones those that are
ownregulated in the liver from a 50-week-old OLETF rat. Iden-
ification of these proteins is now underway, and we believe that
he results will be useful for finding new marker proteins for
iabetes.

Oxidative stress is implicated in a broad variety of chronic
nd acute diseases, such as diabetes. To understand, at the pro-
ein level, cellular damage caused by this stress, we developed a
roteomic method in which protein carbonyls were derivatized
ith biotin hydrazide followed by 2-DE [61]. Agarose 2-DE
as chosen for its capability of analyzing HMM proteins. This

ethod was applied to detecting protein carbonyls in skeletal

nd cardiac muscles of a diabetes model OLETF rat and a con-
rol LETO rat. A number of proteins, including mitochondrial
TP synthase beta-chain, desmin, actin, creatine kinase, and

l
R
T
e

ig. 8. Protein carbonyls detected in agarose 2-DE of testis extracts. (a) and (b) 50-W
c) Protein amounts by PhastGel Blue R staining of 2-DE gels; (b) and (d) Protein ca
he square regions surrounded by dotted lines in the left panels correspond to the rig
LETF extracts are indicated by arrows.
Cy3) and those from the diabetic OLETF rat with red (Cy5). Note that HMM
roteins can be successfully analyzed by this method of detection.

yosin heavy chain (MHC: Mr ∼200 kDa), were found to be
arbonylated. In chronological studies of protein carbonylation
n gastrocnemius muscle of the OLETF rat, the carbonyl content
f MHC changes with aging: MHC carbonyls stay low at 4 to
2 weeks of age, but rose and stayed high after 20 weeks of age.
HC carbonyl content in gastrocnemius muscle was the highest

n the 50 week old rat [61].
Fig. 8 shows 2-DE patterns for the testis of the 50 week old

ETO (Fig. 8a and b) and OLETF (Fig. 8c and d) rats. The
eft panels of Fig. 8 stand for protein amounts (PhastGel Blue
staining) and the right ones for protein carbonyl contents.
he square regions surrounded by dotted lines in the left pan-
ls correspond to the right ones. The left panels (Fig. 8a and

eek-old normal LETO rat; (c) and (d) 50-week-old diabetic OLETF rat. (a) and
rbonyl contents by carbonyl-specific color development on PVDF membranes.
ht ones. Major differences in protein carbonyl contents between the LETO and
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) are quite similar to each other, but the right panels (Fig. 8b
nd d) are not. The right panels of Fig. 8 clearly show that car-
onyl contents of proteins in testis are higher in the OLETF
at than in the LETO. Protein carbonyls of the HMM proteins
ndicated by arrows were detected only in the OLETF rat. Unfor-
unately, since the amounts of the HMM proteins were very
ow, we could not identify these HMM proteins. However, this

ethod would be a candidate for one of the proteomic tools that
ould individually analyze oxidative damage on these HMM
roteins.

In conclusion, this proteomic method, utilizing protein car-
onyl derivitization, could provide a means towards attaining a
omprehensive view of oxidative modifications of proteins dur-
ng the long progression of age-related diseases such as diabetes,
s well as understanding the mechanisms involved in the onset,
rogression and complication of these diseases.
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