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Abstract

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) using isoelectric focusing and SDS–PAGE in the first and second dimen-
sions, respectively, is an established means of simultaneously separating over 1000 proteins and two new types have recently been developed.

oteins. We
em-

rocedures
cell cycle
These procedures have significant shortcomings such as low load ability and poor separation of hydrophobic, acidic and alkaline pr
therefore modified the protocols to analyze theBacillus subtilismembrane proteome. The 2D-PAGE techniques effectively separated m
brane proteins having one and two transmembrane segments but not those with more than four. Compared with new LC/MS/MS p
that are independent of electrophoretic separation, 2D-PAGE can globally analyze and quantify proteins at various stages of the
when labeled with isotopes such as35S-methionine or the stable isotope,15N.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

High-throughput of DNA sequencing allows the rapid ac-
cumulation of abundant sequence data from many organ-
isms. Genome sequences are the essential blueprints of life
and proteins expressed from the genome sustain life through
indispensable functions in cellular architecture, catalysis,
metabolic regulation and contractile processes that are in-
timately concerned with all cellular physiological events.
Therefore, functional proteomic analyses based on genome
databases are essential to understand not only cells but also
the processes of high order organisms, for example differ-
entiation, development or disease, at the molecular and bio-
chemical levels. Differential proteomic display can compre-
hensively analyze differences between normal and malignant
cells and between normal and stressed cells under pathologi-
cal conditions, leading to developments in diagnosis and ther-
apy.

Among current methods of protein analysis, two-
dimensional gel electrophoresis combined with protein iden-
tification using mass spectrometry and continuously evolving
analytical software constitute a highly accurate and sensi-
tive detection and identification system. The high-resolution
of two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE) was determined by O’Farrell[1] and Klose[2] in
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BAC) in the first dimension and Tris–glycine SDS–PAGE in
the second. Dreger et al.[6] identified 148 proteins in the
nuclear envelope using this method combined with MALDI-
TOF MS. Scḧagger and von Jagow[7] and Scḧagger and
Pfeiffer [8] developed another unique 2D-PAGE system us-
ing native PAGE in the first dimension (Blue native PAGE)
in which Coomassie Brilliant Blue G induces a charge shift
on membrane protein complexes. This method was useful
for analyzing the multi-protein complexes involved in mi-
tochondrial oxidative phosphorylation. We further modified
these methods to analyze bacterial membrane proteins us-
ing Tris–tricine SDS–PAGE in the second dimension. Gen-
eral methods of analyzing the microbial proteome have been
summarized by Washburn and Yates III[9].

This review describes the usefulness and limitations of the
three types of 2D-PAGE inBacillus subtilisproteome anal-
ysis, especially of the cell membrane proteins.B. subtilisis
a sporulating Gram-positive bacterium. Its 4215 kb genome
was sequenced in 1997[10] and showed that it encodes 4106
genes for proteins and 114 for RNAs. SinceB. subtilisand its
related species produce high levels of extracellular proteins,
they are used in industries to produce�-amylase for sweet-
ness, as well as proteases and cellulase for detergents and
cyclodextrin glycanotransferase for cyclodextrin production.
We also describe the effectiveness of spot quantitation in 2D-
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975, when over 1000Escherichia coliproteins were sep
rated. Using this technique, most proteins synthesize
pecific moment under defined physiological conditions
e analyzed using radiolabeling. Therefore this techniq
powerful and essential tool for investigating global cha

n cellular gene expression and protein modification.
However 2D-PAGE has some significant disadvanta

oremost is low load ability and poor separation of hig
ydrophobic proteins. To improve low load ability, we dev
ped a highly reproducible gel system in which essent

dentical protein profiles can be recognized in over 10 i
endent gels, followed by “on membrane digestion” in
resence of 80% acetonitrile for mass spectrometry sa
reparation[3]. However, in contrast to the good separa
f cellular soluble proteins, 2D-PAGE using isoelectric
using (IEF) with immobilized pH gradients (IPG) in t
rst dimension and Tris–glycine SDS–PAGE in the sec
IPG-Dalt) might not be suitable for separating hydroph
embrane proteins. Many of them cannot be resolved b
radients during IEF. Membrane proteins are relatively
oluble in non-ionic or zwitterionic detergents, particula
t low ionic strength. Even if they could be solubilized, s
roteins often precipitate at pH values close to their iso

ric points. We therefore modified the solution in which
re-cast IPG gels for IEF are rehydrated for the first dim
ion and used Tris–tricine discontinuous SDS–PAGE in
econd dimension[3]. These modifications considerably i
roved protein separation in IPG-Dalt gels.

Macfarlane[4] and Hartinger et al.[5] developed a dis
ontinuous acidic 2D-PAGE system using the cationic d
ent, benzyldimethyl-n-hexadecylammonium chloride (1
PAGE gels that can reveal dynamic and global change
cellular protein components that adapt to changes in st
nutrients and metabolism[11] and analyze the function of th
protein secretion machinery using15N-whole cell labeling.

2. Preparation ofB. subtilismembrane and stepwise
extraction of membrane proteins

Protein solubilization by detergents is critical for fine 2
PAGE separation. However, no universal non-ionic or zwi
rionic detergent can yet be applied to IEF for all proteins.
though several powerful solubilization methods for prote
have been developed, comprehensively analyzing memb
proteins using one detergent remains very difficult. To ov
come this problem with respect toB. subtilismembrane pro-
tein analysis, we stepwisely solubilized proteins using sev
detergents and 1D- and 2D-PAGEs.B. subtilis168 (trpC2)
cells in the logarithmic phase of growth were harvest
washed and quickly suspended in phosphate buffer con
ing a protease inhibitor at 4◦C. The cells were disrupted usin
a chilled French Press, and washed membrane prepara
(NDSB insoluble membrane preparations) that are ins
ble in Bistris (pH 7.0) buffer including 6-amino-n-caproic
acid, non-detergent sulfobetaine 256 (NDSB) and prote
inhibitor were prepared as shown inFig. 1. Membrane pro-
teins were extracted stepwise from the NDSB insoluble m
brane preparation in the presence of the protease inhib
Fraction 4 was the protein fraction solubilized by 1% (w
n-dodecyl-�-d-maltoside from the membrane preparatio
Fraction 5 was the protein fraction extracted from the pe
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Fig. 1. Preparation of NDSB insoluble membrane ofB. subtilis, stepwise
extraction of membrane proteins into sub-membrane fractions (fractions 4,
4′, 5, 5′ and 6) using mixtures of different detergents (non-ionic, zwitteri-
onic and ionic), chaotropes (urea and thiourea) and reductants (DTT and
2-merchaptoethanol). The chemical composition of Buffers E, F, G, and S,
Solution A and lysis buffer are shown elsewhere[12].

into 7 M urea, 2 M thiourea, 1% (w/v) aminosulfobetaine-
14 (ASB-14), 4% (w/v) CHAPS, 1% (w/v) NDSB and 1%
(w/v) DTT in the presence of protein inhibitor after remov-
ing fraction 4. Fraction 6 consisted of proteins remaining in
the pellet (after removing fraction 5) that were dissolved in
Tris (pH 7.0) buffer including 4% (w/v) SDS, 2% (v/v) 2-
mercaptoethanol. No precipitate was obtained from fraction
6 after ultracentrifugation. To solubilize proteins from the
NDSB insoluble membrane preparation under cationic con-
ditions, the preparation was resuspended in 4 M urea con-
taining 250 mM NDSB, 5% (w/v) 16-BAC, 75 mM DTT and
separated by ultracentrifugation. The supernatant was desig-
nated as fraction 4′. The remaining pellet after removing frac-
tion 4 was resuspended under the same cationic conditions
and the supernatant after ultracentrifugation was designated
as fraction 5′. The procedure for this stepwise membrane
protein preparation and the characterization of fractions 1–6

have been published[12]. Immunoblot analysis using several
antisera againt cytoplasmic and membrane proteins and com-
parison of protein constituents among the fractions indicated
that the NDSB insoluble membrane preparations were effec-
tively separated the cytoplasm into sub-membrane fractions
by the stepwise extraction.

3. 1D- and 2D-PAGEs followed by MALDI-TOF MS
to analyze membrane proteins

3.1. Discontinuous Tris–tricine SDS–PAGE

1D-PAGE and the second dimensions of 2D-PAGEs pro-
ceeded in 10% gels (13 cm× 16 cm× 0.2 cm) using the dis-
continuous Tris–tricine buffer system described by Schägger
and von Jagow[7] with a slight modification. The proteins
were resolved at a constant voltage of 30 V until Coomassie
Brilliant Blue G entered the running gel, then 110 V was
applied for about 6 h. The gels were fixed in a mixture of
40% ethanol and 10% acetic acid and stained with silver as
described by Morrissey[13]. We compared the separation
profiles of NDSB insoluble membrane preparation using a
regular discontinuous gel and a 4–20% pre-cast gradient gel
(Nippon EIDO) in a Tris–glycine SDS–PAGE buffer system
a tein
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nd in discontinuous Tris–tricine SDS–PAGE. The pro
ands were clearly separated in the 4–20% gradient g
ris–glycine and in the discontinuous gels in Tris–tricine

he profiles in the latter were quite reproducible.Fig. 2shows
roteins separated from two sub-membrane fractions (

ion 4) from cells grown on LB and S7 medium using
DS–PAGE in Tris–tricine. Many major bands that diffe
etween the two fractions were excised, digested with

ease and analyzed by MALDI-TOF MS. The sub-memb
ractions were rich in the solute-binding proteins of A
ransporters that anchor on the surface of the cell memb
ia extended N-terminal hydrophobic lipid in Gram-posi
acteria. The identified solute-binding proteins in the
ub-membrane fractions considerably differed between
rown on LB and S7 medium in response to the nutr
omposition of the two types of media as described[12].
DNA micro array analysis revealed that theyclQ (encod-

ng function unknown protein, similar to ferrichrome AB
ransporter) andyusA(encoding function unknown protei
enes were expressed at high levels in the cells grown o
edium, while the level ofappA(encoding oligopeptide AB

ransporter) was high in LB medium. TheoppAgene (encod
ng oligopeptide ABC transporter) was similarly expres
n both culture media (http://genome.ad.jp/kegg/expressio)
12].

.2. Isoelectric focusing (IEF) in the first dimension

Pre-cast IPG dry gels (Amersham Pharmacia Biotech
EF in the first dimension, were rehydrated overnight in
rea containing 1% (w/v) CHAPS, 1% (w/v) Pharmalyte

http://genome.ad.jp/kegg/expression/


230 K. Bunai, K. Yamane / J. Chromatogr. B 815 (2005) 227–236

Fig. 2. Comparison of protein components in sub-membrane fraction 4 from
cells grown on LB and on S7 synthetic medium. Proteins (100�g) from each
fraction 4 were resolved by 1D Tris–tricine SDS–PAGE and the bands were
visualized by silver staining. Major bands that differed between the two
fractions were excised and analyzed by MALDI-TOF MS after proteolysis.
Identified solute-binding proteins of ABC transporters are underlined. N.D.,
not determined.

3–10, 0.2% (w/v) DTT, 1% (w/v) Triton X-114, 3% (w/v)
NDSB, 1.5% (w/v) ASB14 and protease inhibitor. Samples
dissolved in 9 M urea containing 3% (w/v) CHAPS, 0.8%
(w/v) Pharmalyte pH 3–10, 1% (w/v) DTT, 1% (w/v) Tri-
ton X-114, 1% (w/v) NDSB and a trace of Bromophenol
blue were applied to the gels. Proteins were isoelectrically
focused on a Multiphore II electrophoresis unit (Amersham
Pharmacia Biotech) according to the following program: 6 h
at 1000 V, 5 h at 3500 V and 19 h at 3500 V in gradient mode
at 20◦C. Focused strips were equilibrated for 10 min in 10 ml
of Tris equilibration buffer (pH 6.8) consisting of 6 M urea
containing 30% (v/v) glycerol, 2.5% (w/v) SDS and 0.25%
(w/v) DTT, and subsequently for 10 min in the same buffer
but containing 0.45% (w/v) iodoacetamide instead of DTT.
The gels were then embedded in stacking gels for the second
dimension.

3.3. Modified colorless native (MCN) 1D-PAGE

Blue native PAGE can analyze the mitochondrial respira-
tory chain complex that consists of membrane proteins[8].
We optimized this protocol to analyze the membrane proteins

of B. subtilis(MCN–PAGE). Polyacrylamide linear gradient
gels (7–16.5%) in MCN–PAGE Bistris (pH 7.0) buffer con-
taining 6-amino-n-caproic acid and NDSB256 were prepared
in glass tubes (0.5 cm× 14 cm). Samples (approximately
150�g proteins) mixed with 20% volumes of MCN–PAGE
sample buffer containing glycerol and CBB G, were resolved
for 2 h at 30 V and then overnight at 100 V. Thereafter, the gels
were incubated in 1% (v/v) 2-mercaptoethanol for 10 min and
mounted on stacking gels for the second dimension. This pro-
cedure detected more membrane proteins than IPG-Dalt[12].

3.4. 16-BAC polyacrylamide (7.5%) gel electrophoresis
for the first dimension

The predicted pI values of many membrane proteins
of B. subtilis are theoretically located in the alkaline re-
gion (pI 8–14) [14]. Current IEF systems might not be
able to separate such proteins. In contrast, proteins sepa-
rated by 16-BAC/SDS–PAGE as described by Macfarlane
[4] and Hartinger et al.[5] are not concerned with the
pI of individual proteins. We applied 16-BAC/Tris–tricine
SDS–PAGE to bacterial membrane protein separation us-
ing stacking and separating disc gels containing NDSB256.
After electrophoresis, the gels were washed in several
changes of isopropanol:acetic acid:water (3.5:1:5.5) for 3 h
t for
3 ) 2-
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o remove the 16-BAC. The gels were then incubated
0 min in three changes of 4% (w/v) SDS and 2% (v/v
ercaptoethanol. The gels were mounted for the secon
ension of Tris–tricine SDS–PAGE[12].

.5. MALDI-TOF MS analysis after PAGE

Proteins separated by PAGE were digested by lysy
opeptidase (LysC) fromAchromobacter lyticusM497-1
Wako Pure Chemicals, Osaka, Japan) using “on memb
igestion method in the presence of 80% acetnitrile afte
eparated proteins were electroblotted onto PVDF mem
y a discontinuous buffer system[3], or “in gel” digestion
ethod followed by twice extraction under sonication
5 min in the presence of 60% acetnitrile and 1% TFA
escribed by van Montfort et al.[15]. The samples were a
lyzed by the Axima-CFR MALDI-TOF mass spectrome
Shimadzu/Kratos, Kyoto, Japan) as described[3].

. Profiling proteins from NDSB insoluble membrane
reparation of B. subtilis

Fig. 3A–D shows typical 2D gel separations of s
embrane fractions prepared from cells grown on
edium using the three types of 2D-PAGE as descr
bove. The silver stained gels of fractions 4 and 5 using

n the first dimension and Tris–tricine SDS–PAGE in the
nd, are shown inFig. 3A and B, respectively. More tha
00 spots were reproducibly detected in the gels. Thre
ependent gels for each fraction were electroblotted,
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Fig. 3. Separation and identification of membrane related proteins in sub-membrane fractions 4, 5, and 5′ using three 2D-PAGE steps followed by MALDI-TOF
MS. (A and C) Fraction 4 prepared from cells grown on LB medium were resolved by IEF (pH 4–7) or MCN in first dimension and Tris–tricine SDS–PAGE
in second, respectively. (B and D) Electrophoretic profiles of fractions 5 and 5′ by IEF and 16-BAC–PAGE in first dimension and Tris–tricine SDS–PAGE in
second: (A–C) stained with silver; (D) stained with CBB-R; A, B, and C in (C) spots containing many different proteins that are shown on bottom-left of panel.
Ten overlapping proteins between fractions 4 (A) and 5 (B) and four in (A), (B) and (D) are boxed. Eleven overlapping proteins in (A) and (C) of fraction 4are
identified by asterisks. pH 4 and 7 at top of (A) and (B) indicate pH gradient of 4–7 used in first dimension IEF. 7% and 16.5% on top of (C), polyacrylamide
gradient concentration in MCN–PAGE in first dimension. (+) and (−) on top of (D), indicate direction to anode and cathode, respectively.

approximately 100 obvious spots in each were excised, di-
gested by LysC, and analyzed by MALDI-TOF MS. We iden-
tified 39 and 55 proteins in fractions 4 and 5, respectively.
Ten overlapping proteins were boxed on the gels at the same
positions. This result indicates that the 2D-PAGE separation
and MALDI-TOF MS identification were precise. The silver
stained gel of fraction 4 using MCN–PAGE in the first di-
mension and Tris–tricine SDS–PAGE in the second is shown
in Fig. 3C. Approximately 200 spots were reproducibly de-
tected. Seventy-eight proteins in five independent gels were
identified. The comparison of proteins identified in the gels
shown inFig. 3A and C revealed only eleven common pro-
teins (asterisk). Their positions in the two gels were different
each other as expected. The identified proteins between the
two gels were complementary.Fig. 3D shows a CBB stained
gel of fraction 5′ using 16-BAC-PAGE in the first dimen-

sion and Tris–tricine SDS–PAGE in the second. We iden-
tified 62 proteins by MALDI-TOF MS. Only 16 of the 62
proteins identified inFig. 3D overlapped with those shown
Fig. 3B. Therefore the proteins of fraction 5 identified by
IPG-Dalt and of fraction 5′ identified by 16-BAC/Tris–tricine
SDS–PAGE were also complementary. Four proteins that
overlapped amongFig. 3A, B and D were boxed. In addition,
219 and 117 spots were identified in fraction 4 from cells
grown on LB and S6 medium containing 1% mannose as the
sole carbon source that were resolved by 16-BAC/Tris–tricine
SDS–PAGE and IPG-Dalt, respectively. In total, 570 spots
were identified by the three types of 2D PAGE. Each spot was
counted once, yielding 350 proteins. The proteins in fraction
6 that were solubilized in the presence of 4% SDS, were sepa-
rated by 1D Tris–tricine SDS–PAGE and analyzed. We iden-
tified a further 477 proteins using 1D Tris–tricine SDS–PAGE
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and 1D 16-BAC-PAGE followed by MALDI-TOF MS anal-
ysis. Overall we identified 637 proteins corresponding to
16.5% of the total cellular proteins from the NDSB insoluble
membrane preparation after subtracting overlapping proteins
[12].

We predicted the number of transmembrane seg-
ments (TMS) and signal peptides in the amino acid se-
quences of the identified proteins, using the TopPred
II (http://bioweb.pasteur.fr/interfaces.toppred.html) [16] and
Signal P[17] algorithms. Of the 637 proteins, we found 158
certain integral and 98 putative membrane proteins as well as
101 lipoproteins/secretory proteins and 280 soluble proteins
[12]. The soluble proteins might include many peripheral pro-
teins that function in both the cytoplasm and membrane like
SecA and FtsY protein components of theB. subtilisprotein
secretion machinery.

5. Limitation of 2D-PAGE analysis

To predict integral membrane proteins inB. subtilis
cells, we applied the TopPred II algorithm to 3994 of
4106 total proteins and found that 1490 of them contained
more than one definite TMS. We omitted 102 proteins
because they were peptides or very small proteins. This
i uld
b the
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p m
(
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T 248
( pro-
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( tain-
i

Fig. 4. Prediction and recovery of integral membrane proteins with 1–15
TMS in B. subtilis.(A) Pie chart of specific integral membrane proteins
having 1–15 TMS among 1490 that were predicted from the whole cellular
proteins using TopPred II algorithm. (B) Pie chart of specific integral mem-
brane proteins with 1–15 TMS among 158 that were predicted from 637
identified from the NDSB insoluble membrane preparation. (C) Number
of expected (Exp.) and observed (Obs.) integral membrane proteins having
1–15 TMS and recovery (%) of each; (D) summary of recovery ratios.

and D). The recovery (8.7%) of proteins having 9 TMS was
exceptionally high. This result indicates that the proteome of
membrane proteins containing one or two TMS can be ana-
lyzed using 1D- and 2D-PAGE whereas it remains difficult
to analyze those with over 4 TMS. This result was also ob-
tained in an analysis of the protein components of ABC trans-
porters. Bioinformatic searching of the sequencedB. sub-
tilis genome has estimated 38 importers of ABC transporters
[12,19]. A typical importer consists of a functionally differ-
ing nucleotide-binding protein (NBP), a membrane-spanning
protein (MSP) and a solute-binding protein (SBP). The MSP
of each importer generally comprises two proteins. There-
fore each importer usually consists of four proteins of which
the genes form an operon. Predicted integral and putative
membrane proteins, lipoproteins and soluble proteins in the
NBPs, MSDs and SBPs constituting the 38 importers were
analyzed using the TopPred II and signal P algorithms and
Table 1summarizes the results. Almost all MSPs (60/61)
ndicated that 37.3% of the whole cell proteins wo
e membrane proteins. To comprehensively analyze
roportions of membrane proteins among all the cel
roteins, Mitaku et al.[18] applied the SOSUI algorith
http://sosui.proteome.bio.taut.ac.jp/sosuiframe0.html) to
5 microorganisms including mycoplasma (M. genitalium,
. pneumoniae), bacteria (Chlamydia trachomatis, Tre-
onema pallidum, Aquifex aeolicus, Helicobacter pylori,
orrelia burgdorferi, Haemophilus influenzae, Bacillus
ubtilis, E. coli), Synechocystis PCC6803 and Arch
Methanococcus jannaschii, Metanobacterium thermoa
otrophicum, Archeoglobus fulgeidus) as well as to yeas
f which the genome had been published. They found

he predicted proportions were about 30% in all te
icroorganisms including yeast.
The proportions (%) of membrane proteins having 1

MS among allB. subtilismembrane proteins were then c
ulated and are shown in pie charts (Fig. 4A) and Fig. 4C.
he TopPred II algorithm predicted that 552 (37.0%),
16.6%), 120 (8.1%) and 570 (38.3%) were membrane
eins having one, two, three and over four TMS, respecti
o compare the ratios with those in the recovered memb
roteins having 1–15 TMS, we also calculated the ratio
embrane proteins having 1–15 TMS among the 158
ral membrane proteins of the 637 identified proteins (Fig. 4B
nd C). We found that 91 (57.6%), 40 (25.3%), 8 (5.1%)
9 (12.0%) proteins had one, two, three and over four T
espectively. These results indicated that the recovery o
embrane proteins having one or two TMS was equally

16.5% and 16.1%, respectively) but that of proteins con
ng three (6.7%) or over four (3.5%) was very low (Fig. 4C

http://bioweb.pasteur.fr/interfaces.toppred.html
http://sosui.proteome.bio.taut.ac.jp/sosuiframe0.html
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Table 1
Expected and observed numbers of certain integral membrane proteins, putative membrane proteins, lipoproteins and peripheral soluble proteins inthe 38
importers of ABC transporter, which have been predicted from the genome analysis

Protein components
of importer proteins

Certain integral
membrane proteins

Putative membrane
proteins

Lipoproteins Peripheral soluble
proteins

Total

Exp. Obs. % Exp. Obs. % Exp. Obs. % Exp. Obs. % Exp. Obs. %

NBP 3 0 0 6 1 16.7 0 0 0 26 5 20.8 35 6 17.1
MSP 60 1 1.7 0 0 0 0 0 0 1 0 0 61 1 1.64
SBP 1 1 100 0 0 0 34 27 79.4 3 2 66.7 38 30 78.9

The presence of TMS in the amino acid sequence of each protein in NBP (nucleotide-binding proteins), MSP (membrane spanning proteins) and SBP
(sulute-binding proteins) in the 38 importers predicted from the genome analysis (Quentin et al.[19] and functional classification of SubtiList database
(http://genolist.pasteur.fr/SubtiList)) was determined by TopPred II algorithm and numbers of the certain integral and putaive membrane proteins as well as
lipoproteins and peripheral soluble proteins are shown in Exp. columns. The numbers of lipoproteins having signal peptides were recalculated according to the
results of Signal P algorithm[17] and Tjalsma et al.[38]. Numbers of identifed certain integral and putative membrane proteins as well as lipoproteins and
peripheral soluble proteins are predicted also and the numbers are shown in Obs. columns. % represents the ratio of identified to expected numbers of proteins.

were predicted as integral membrane proteins having 4 to
10 TMSs whereas most SBPs (34/38) were lipoproteins and
NBPs containing many soluble proteins (26/35). Six NBPs
(17.1%), 1 MSP (1.6%) and 30 SBPs (78.9%) were located
among the 637 proteins identified from the NDSB insolu-
ble membrane preparation. This result indicated that SBPs
anchored in the cell membrane as lipoproteins can be pre-
cisely identified whereas the recovery of MSPs having over
4 TMSs is very low. Thus our method was seriously limited
when analyzing cell membrane proteins. The low recovery
of predicted NBPs could be due to their low content in the
membrane preparation or they might be washed out during
sample preparation.

6. Perspectives of 2D-PAGE in quantitative
measurements of separated proteins

Proteomic analysis using 1D- and 2D-PAGE is lim-
ited by the inability to analyze very large or very small,
acidic, basic or highly hydrophobic proteins. Although 2D-
PAGE is hardly new[20], it is highly sensitive and en-
ables the simultaneous separation of a very large num-
ber of proteins and their individual quantitation. The first
stage of proteomics by 2D-PAGEs will be a comprehen-
s at
s ssify
a ins.
H base
f i-
g n-
t nal-
y ro-
t es
o
e ro-
t

pro-
t by
a and
a nt of

gels to separate individual protein components or peptides
[28,29]and DNA micro array analysis. The new LC/MS/MS
(using Q-TOF, Ion trap or TOF–TOF technology) technolo-
gies seem very promising. Wu and Yate III[30] reported
that LC/MS/MS can extensively analyze hydrophobic and
alkaline proteins. However, all cellular proteins encoded in
the genome cannot be visualized at a single stage because
a portion of the genome is activated only when environ-
mental stress, starvation stimuli or other extracellular sig-
nals are present. Hecker and co-workers used 2D separation
to achieve a global view of the stress response, and found
a dramatic change in the protein composition ofB. subtilis
in response to stress or starvation[31–33]. We compared
87 proteins in fraction 4 from bacterial cells grown on S6
medium containing 1% mannose as the sole carbon source
with 415 proteins in the same fraction from cells grown on
LB medium. The results showed that 40 of the 87 proteins
were not included among the 415.

The second stage of proteome analysis by 2D-PAGE
will be quantitative evaluation of cellular protein compo-
nents to analyze physiological proteomics[34]. Bernhardt
et al.[35] have developed a dual channel imaging technique
that can provide considerable information about the relative
amount and synthesis rate of individual proteins by silver-
staining for accumulated proteins and protein-labeling with
35 two
d y al-
l s in
B rig-
g teins
a pro-
t glH
a nary
p time
a , they
s ucose
s heat
s clud-
i and
s n of
2 es in
ive analysis of all protein components of living cells
pecific stages, building databases to functionally cla
nd determine the subcellular localization of the prote
ecker and co-workers organized a 2D protein data

or B. subtilisnamed Sub2D (http://microbio2.biologie.un
reifswald.de:8880/sub2d.htm) that contains around 600 e

ries[21]. A recent development in bacterial proteomic a
sis will provide information about a large collection of p
eins. Hecker and co-workers[22,23]analyzed the proteom
f cytoplasmic, alkaline[24], cell-wall associated[25], and
xtracellular proteins[26], and we also analyzed the p
eomes of the extracellular[27] and membrane proteins[12].

To achieve a comprehensive understanding of cellular
eins, the limitations of 2D-PAGE should be overcome
dding other methods such as two-dimensional native
lternative types of chromatography that are independe
S-mthionine for proteins synthesized de novo using
igitizable colors such as red and green. This technolog

owed them to visualize global changes among protein
. subtiliscells during entry into the stationary phase t
ered by glucose exhaustion. They found that 150 pro
re synthesized de novo while the synthesis of almost 400

eins is canceled. They also clarified that AcoB, AcoC, B
nd GlvA transiently appeared at the entrance to statio
hase but AcsA and GapB were induced at the same
nd persisted into the late stationary phase. Therefore
uggested that protein synthesis is reprogrammed by gl
tarvation. They also analyzed proteomic changes during
tress and found that over 100 proteins were induced, in
ng many that were functionally unknown. These global
emi-quantitative analyses of protein by the combinatio
D-PAGEs and imaging can elucidate dynamic chang

http://genolist.pasteur.fr/subtilist
http://microbio2.biologie.uni-greifswald.de:8880/sub2d.htm
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Fig. 5. Accumulation of15N-labeled peptide ion having amino acid se-
quence, VVDEAINQVSSQRAK, from Hag (flagella protein) during culti-
vation in15N-medium for 0 (T0) to 360 min (T360). Mass spectra at 1643.84
and 1665.80m/zwere unlabeled (light) or labeled with15N- (heavy), respec-
tively. Relative intensity of two peaks indicates relative amount of cellular
unlabeled and15N-labeled Hag protein.

cellular protein networks and how cells adapt to environ-
mental changes at the protein level.

To more directly and accurately analyze changes in cellu-
lar protein components, we developed a whole cell-labeling
method using the stable isotope,15N. Mass spectrometry can
accurately distinguish the molecular masses of14N-peptides
(light) and15N-peptides (heavy) peptides after the proteoly-
sis of a preserved and de novo synthesized and labeled mix-
ture of a single protein and it accurately measures the ra-
tios of light and heavy peptides that would be equivalent to
the abundance of the corresponding light and heavy proteins
[36]. B. subtilis168 was cultured in14N-medium for 5.5 h at
37◦C to a density of A600= 0.6. The medium was changed to
that containing15N to measure proteins synthesized de novo.
The cells were harvested at 0 (T0) to 360 min (T360) after
changing the medium, washed and then cell-lysates were pre-
pared. Obvious bands of proteins resolved by 1D Tris–tricine
SDS PAGE were excised and analyzed by MALDI-TOF MS.
Fig. 5shows that a 1643.84m/zpeak of the peptide ion (light
peptide), VVDEAINQVSSQRAK derived from Hag (flag-
ella protein), was detected at T0 and that another 1665.80
m/zpeak corresponded to the15N-labeled peptide ion (heavy
peptide) that accumulated during culture in15N-medium. The
difference in the molecular mass between the two peaks cor-
responded to the number of N-atoms in the peptide. The ratios
( e

two peaks (1643.84m/z+ 1665.80m/z) were 0.0 (0%), 0.28
(28%), 0.90 (90%) and 0.92 (92%) at T0, T30, T120, and
T360, respectively. The ratios of the intensity of the other
15N-peaks, 1497.71m/z corresponding to the 1476.78m/z
14N-peak for the peptide, MRGQIRGLEMASK and 1903.88
m/z to the 1882.88m/z 14N-peak for another peptide, FAD-
NAADTADIGFDAQLK, from Hag were almost identically
increased at T30, T120, and T360. Therefore, we assumed
that the increased abundance of the proteins synthesized de
novo can be monitored by the ratios of the intensity of15N
labeled peptides.

We used this technique to analyze SecA function in pro-
tein location into the cell membrane ofB. subtilis.SecA is a
protein translocase ATPase component in the major protein
secretion machinery. A SecA temperature-sensitive mutant,
B. subtilisTB301 (trpC2,secA341ts) was cultured in the14N-
medium at 30◦C for 5.5 h (the cell density at A600 = 0.6) and
then the cells were cultured at 30 or 45◦C for 15 and 60 min
in the 15N-medium. Proteins of the NDSB insoluble mem-
brane preparations from the cells at each culture period were
resolved by 16-BAC/Tris–tricine SDS–PAGE and analyzed
by MALDI-TOF MS after proteolysis.Fig. 6A shows the ap-
pearance and shift of a 1156.66m/zpeptide ion having amino
acid sequence, YGFIIRYPK, from YodJ to 1169.70m/zat ra-
tios of 3.6% and 49% during 15 and 60 min of cultivation at
3 ◦ that
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t m
t
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6 tion
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i f the
S t not
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W pro-
t and,
t nd
G cul-
t o-
t n at
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a ed at
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nt
m sing
R) of intensity of the 1665.80m/zpeak against the total of th
0 C, respectively. YodJ is predicted to be a lipoprotein
s anchored on the cell membrane and its function is unkn
ut is similar tod-alanyl-d-alanine carboxypeptidase. In co
rast, no 1169.70m/zpeak was evident in YodJ obtained fro
he cells cultured at 45◦C for 15 and 60 min (Fig. 6B). No
eptides were also labeled with15N in a group of membran
roteins and lipoproteins during culture at 45◦C for 15 and
0 min. This acute inhibition of the membrane localiza
f those proteins by the luck of SecA suggest that the

eins interact or bind directly to SecA to export through
nsert into the cell membrane. In contrast, the effect o
ecA lesion on another group of membrane proteins bu

ipoproteins differed from that on YodJ. These membr
roteins appeared normally in the cell membrane at 4◦C

or 15 min like that at 30◦C but the localization was co
iderably inhibited after an incubation at 45◦C for 60 min.
e considered that the localization of those membrane

eins would be related to SecA indirectly. On the other h
he amount of15N-labeled hest-shock proteins, DnaK a
roEL, increased in membrane preparations from cells

ured at 45◦C. In addition some15N-labeled membrane pr
eins accumulated in the cell membrane during cultivatio
5◦C for 60 min. Therefore, we speculated that SecA

unctions in the insertion of some proteins into the cell m
rane directly or indirectly and that the localization of so
embrane proteins is independent of the SecA function
scertained by immunoblotting using antiB. subtilisSecA
ntiserum that SecA341 disappeared from cells cultur
5◦C for 15 min (Bunai et al., unpublished).

Furthermore, Smalka et al.[37] described an excelle
eans for the quantitative measurement of proteins u
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Fig. 6. Effect of SecA on YodJ localization into cell membrane. Sub-
membrane fraction 4 was prepared fromsecAtemperature sensitive mu-
tant (B. subtilis TB301) that had been cultured at 30 or 45◦C for 0, 15
and 60 min in15N-medium. Proteins in the fractions were resolved by 16-
BAC/Tris–tricine SDS–PAGE and YodJ spots were excised and analyzed by
MALDI-TOF MS after proteolysis. (A) Appearance of15N-labeled 1169.70
m/z peptide ion derived from YodJ by LysC-digestion during cultivation
at 30◦C for 15 and 60 min. (B) The 1169.70m/z ion did not appear after
45◦C for 15 or 60 min. (C) Time course of15N-labeled YodJ localization
on cell membrane during cultivation at 30 and 45◦C. Relative abundance
of 15N-labeled YodJ was calculated from ratios of intensity of15N-labeled
peptide at 1169.70m/zagainst total intensity of 1156.68 and 1169.70m/z×
100.

in vitro ICAT-labeling for 2D-PAGE. These examples
demonstrate that the technological developments in 2D-
PAGE combined with mass spectrometry are very impor-
tant to provide new perspectives from which to achieve
a comprehensive understanding of life at the molecular
level.

7. Concluding remarks

A large number of proteins can be separated in a sin-
gle 2D-PAGE gel. Therefore 2D-PAGE coupled with mass
spectrometry is a very powerful method not only for iden-
tifying protein components in organelles and cells but also
for analyzing protein modification, targeting and localiza-
tion that cannot be addressed using DNA micro arrays. By
the introduction of quantitative analyses such as dual channel
imaging, in vivo15N-whole cell-labeling and in vitro ICAT-
labeling, 2D-PAGE would provide a powerful tool with which
to analyze global regulation of the expression network in the
genome that could clarify the physiological states of cells
during growth, pathological states and adaptation to stress.
However 2D-PAGE cannot analyze total proteins because the
cellular content of some proteins can be very high, while that
of others can be very low. This problem might be resolved
by the combination with DNA micro array analysis. Further-
more, new technologies using types of chromatography that
are independent of 2D-PAGE will resolve the problems as-
sociated with analyzing hydrophobic and alkaline proteins.
Cellular proteomic analyses complemented by DNA micro
arrays promise to usher in a new era of understanding of all
living organisms.
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