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Abstract—A new methodology for quantitative analysis of proteins is described, applying stable-isotope labeling by small organic
molecules combined with one- or two-dimensional electrophoresis and MALDI-TOF-MS, also allowing concurrent protein
identification by peptide mass fingerprinting. Our method eliminates fundamental problems in other existing isotope-tagging
methods requiring liquid chromatography and MS/MS, such as isotope effects, fragmentation, and solubility. It is also anticipated
to be more practical and accessible than those LC-dependent methods.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Proteomics is rapidly becoming an important research
area for comprehensive study of protein expression
patterns under a specific set of conditions. A great deal
of effort has been focused on developing methods of
measuring global changes in relative protein abundance
between two distinct cell systems, such as control versus
treated cells. Thus, it is essential to develop efficient
methodologies for quantitative analysis of proteins
within complex mixtures expressed under certain
physiological conditions.

Conventional methods for quantitative analysis of
proteins include two-dimensional densitometry of gels1

and radioisotope labeling.2 While these methods are still
useful for certain purposes, more recently, application of
stable-isotope labeling followed by mass spectrometry
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analysis has been emerging as a powerful technology
for quantification and concurrent identification of
proteins for proteomics research.3

Some of the earliest examples are metabolic labeling
methods in which cells are cultured in isotope-enriched
or normal media and the relative abundance of specific
proteins is quantitatively analyzed from peak intensities
from each sample in the mass spectra.4,5 The disadvantage
of metabolic labeling methods in general is that, although
they are applicable to cultured cells or small organisms, it
is rather difficult to apply to label larger organisms.

Instead, chemical modifications by covalent labeling on
specific amino acid residues using isotope-labeled
reagents followed by mass spectrometry analysis are
expected to significantly expand the scope of isotope-
labeling methods, because in theory, such methods are
applicable to any protein samples.

Some of the most pioneering work has been reported
by Aebersold et al., applying deuterium-labeled
isotope-coded affinity tags (ICATs).6 The first
generation of ICAT reagents is a set of reagents
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that consists of a biotin conjugate of a well-known
cysteine-modifying reagent, iodoacetamide, and its deu-
terated version, whose molecular weight is 8 Da heavier.

In this method, proteins are modified with the
cysteine-specific reactive group (iodo group) and the
biotin tag in the ICAT reagent allows the specific
isolation of the modified Cys-containing peptides by
immobilized avidin. Changes in the relative abundance
of peptides from distinct proteome samples are
accomplished by the use of isotopically labeled and
unlabeled ICAT reagents, which show chemically
identical behavior. After the derivatized proteomes are
pooled and digested with trypsin, the tryptic peptide
mixtures isolated by avidin affinity chromatography
can be quantitatively analyzed by liquid chromatogra-
phy/electrospray ionization-tandem mass spectrometry
(LC/ESI-MS/MS). Subsequently many other researchers
reported other LC-dependent methods inspired by this
ICAT method.7 Coupled with recent development of
multidimensional liquid chromatography, these LC-
based methods have been playing important roles in
proteomics.

However, several fundamental problems with this ICAT
method have been reported, such as primary isotope
effects especially for D-labeling, causing differential
elution during microcapillary reversed-phase liquid
chromatography (lLC), and fragmentation of the labels
during collision-induced dissociation (CID) conditions,
complicating the interpretation of tandem mass spectra.
These problems are likely derived from the use of large
hydrophobic organic molecules, which have decreased
solubility in the aqueous media. Although several
improvements have been made for the later versions of
ICAT reagents, such as acid- or photo-cleavable
versions,8 and other different types of labeling reagents
have also been reported,7 these LC-dependent methods
essentially require a large amount of aqueous media
for purification of the derivatized peptides. For this
A
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Scheme 1. Our strategy for quantitative analysis of proteins.
reason, it is imperative to develop fundamentally differ-
ent approaches that use small-molecule labeling reagents
and that eliminate the liquid chromatography step.

Therefore, we have been developing our own
methodology for quantitative analysis of proteins by a
combination of isotope-labeled and -unlabeled chemical
modification of specific amino acid residues by small
organic molecules followed by 2D electrophoresis and
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS). The concept is
outlined in Scheme 1.

Since our method uses 2D electrophoresis instead of LC
for the purification of protein, the procedure is more
convenient and more economical, and the small organic
molecules are also expected to be more easily accessible
as well as to have better solubility in the sample mixture.
The use of small molecules and a soft ionization mass
spectrometry, MALDI-MS, also eliminates the
fragmentation problems. While the choice of mass
spectrometry is not critical and either MALDI or elec-
trospray ionization (ESI) is possible, we chose MALDI
rather than ESI, since more laboratories tend to have
MALDI and the operation and maintenance are easier,
making our method more practical.

The 2D polyacrylamide gel electrophoresis (2D PAGE),
which displays all separated proteins on a single gel, has
been the standard tool for protein expression in
proteomics. Two-dimensional gel separation using
ICAT reagents has been reported.9 The 2D gel electro-
phoresis also provides information about the molecular
weights and pI values of proteins. Therefore our method
allows us to identify each protein through peptide mass
fingerprinting prior to quantitative analysis without a
need for the MS/MS mode for identification of proteins,
which will not only eliminate the fragmentation prob-
lems, but also make it simpler and more economical
and therefore accessible to more researchers.
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We previously synthesized sulfhydryl (–SH)-group
specific modifiers that are small molecules for quantita-
tive analysis of proteins, since a sulfhydryl group is one
of the most nucleophilic functional groups within pep-
tide sequences. The combinations we have synthesized
are N-ethylmaleimide (NEM) and its d5-deuterated ver-
sions (NEM-d5)10 as well as iodoacetanilide (IAA) and
13C6-labeled iodoacetoanilide (13C6-IAA).11 Iodoacetan-
ilide (IAA) is a derivative of a well-known sulfhydryl
group modifier, iodoacetamide, and both NEM and
IAA are known to specifically react with –SH groups
of cysteine residues (Scheme 2). The unlabeled N-ethyl-
maleimide is commercially available.

As both modifiers react at different pHs, these modifiers
may be used according to the sample environment. The
iodoacetanilides are expected not to interfere with
phosphine-based reducing reagents,12 and are anticipat-
ed to be more reactive than N-ethylmaleimides due to
the existence of a reactive leaving group, an iodo group.
The mass difference between IAA and 13C6-IAA is 6 Da
rather than 5 Da as in NEM and NEM-d5; therefore the
combination of IAA and 13C6-IAA is expected to
provide sharper separation of the IAA- and 13C6-IAA-
modified peptide peaks in the MALDI spectra rather
than the NEM- and NEM-d5-modified ones, and hence
more accurate quantification, while both combinations
are quite visible in the mass spectra separated by 1D
and 2D electrophoresis.

We have shown that both combinations are successful
for quantitative analysis of various peptides.10,11 Using
known amounts of various peptides, we confirmed that
ionization efficiencies for isotope-labeled and -unlabeled
peptides are identical within experimental errors. Here
we show their application to proteomic experiments,
quantitative analysis of proteins.
2. Results and discussion

2.1. Quantitative analysis of standard proteins for 1D
SDS–PAGE

In order to test the applicability of our method to
proteins, first we applied it to quantitative analysis of
four commercially available proteins: a-lactalbumin, bo-
vine serum albumin (BSA), carbonic anhydrase, and
ovalbumin, each of which was purified by 1D electro-
phoresis. These proteins were individually reacted with
NEM, NEM-d5, IAA, or 13C6-IAAs in the presence of
a reducing reagent, tributylphosphine, which reduces
intramolecular S–S bonds to sulfhydryl groups.
Figure 1a shows the MALDI spectrum of the mixture
of a-lactalbumin modified with NEM or NEM-d5

(NEM-modified/NEM-d5-modified = 1:1) loaded onto
1D SDS–PAGE after tryptic digestion.

Seven pairs of tryptic peptides modified with NEM or
NEM-d5 that were 5 Da apart with nearly equal
intensities were detected, which are indicated by the
arrows in Figure 1a. These seven pairs of peptides reacted
with NEM or NEM-d5 include peptides with unknown
amino acid sequences and peptides formed by cleavage
of other longer peptides (data not shown). Figure 1b
shows the enlarged peak area of the NEM- or NEM-
d5-modified peptides of a-lactalbumin consisting of resi-
dues 6–10, CEVFR, with five molar ratios, 9:1, 6:1, 3:1,
1:1, and 1:3. The correlation parameters and inclinations
between the observed ratio and the theoretical ratio for
the NEM- and NEM-d5-CEVFR were R2 = 0.9984 and
inclination = 0.9781, as shown in Figure 1c and Table
1. Some peptides with unknown amino acid sequences
may not contain any cysteines, but these data indicate
that these peptides still showed reasonable correlation
between the observed ratios and the theoretical ratios.

The same experiments were conducted for three other
commercial proteins, and the correlation parameters
and inclinations for these proteins modified with NEM
or NEM-d5 are summarized in Table 1 along with
a-lactalbumin. The three proteins other than carbonic
anhydrase show the reasonable correlation parameters
and inclinations. No NEM- and NEM-d5-modified
peptide peaks were detected from carbonic anhydrase
because this protein has no cysteine residues in its
sequence.

Figure 2a shows the expanded MALDI-MS spectra of
tryptic peptides digested from bovine serum albumin
(BSA) unmodified (upper) and modified with IAA or
13C6-IAA (IAA-modified/13C6-IAA-modified = 1:1)
(lower).

In a comparison of the two spectra, many modified
peaks were observed as pairs having the same intensities.
Some tryptic peptides reacted with more than one
equivalent of IAAs or 13C6-IAA, but these IAA-modi-
fied and 13C6-IAA-modified peptides still showed the
same intensities. Around 90% of cysteine residues (31
out of 35) in BSA were found to be modified with
IAA or 13C6-IAA, and they are listed in Table 2.
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Figure 1. (a–c) MALDI spectrum of a-lactalbumin modified with NEM or NEM-d5.

Table 1. Results of quantitative analysis of commercial proteins with NEM and NEM-d5 after 1D SDS–PAGE

Protein Number of Cys R2 Inclination

Bovine serum albumin 35 0.9998 1.1036

Ovalbumin 6 0.9928 1.2822

Carbonic anhydrase 0 NDa NDa

a-Lactalbumin 8 0.9984 0.9781

a ND, not detectable.
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Figure 2b shows the enlarged peak area around m/z
1800–2000 in Figure 2a. The peaks of peptides
consisting of residues 508–523, RPCFSALTPDE-
TYVPK, that were modified with IAA or 13C6-IAA
are clearly seen at m/z 1957.0 or 1963.0, respectively,
and many other modified peaks were clearly detected
with high intensities. As one example, Figure 3a shows
expansion of the peak areas around 1950–1970 Da, in
which the IAA- and 13C6-IAA-modified peptide residues
RPCFSALTPDETYVPK appear in various ratios, and
Figure 3b shows the correlation between the theoretical
and observed ratios calculated from these results. As in
this scheme, we also observed that the modified peak
intensity ratios between these pair peaks well represent
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the five molar ratios of the loaded BSAs modified
with IAA or 13C6-IAA (IAA-modified/13C6-IAA-
modified = 9:1, 6:1, 3:1, 1:1, and 1:3). The correlation
parameters and inclinations between the observed ratio
and the theoretical ratio for this peptide RPCFSALTP-
DETYVPK were R2 = 0.9996 and inclination = 0.9678
as shown in Figures 3a and b, and Table 3.

The correlation parameters and inclinations for the
other commercial proteins modified with IAA or 13C6-
IAA are summarized in Table 3 as well. The three
proteins other than carbonic anhydrase show the good
correlation parameters and inclinations. As in the case
of NEM and NEM-d5, no IAA- and 13C6-IAA-modified
peptide peaks were detected from carbonic anhydrase
due to non-existence of a cysteine residue.

As in the peptide at m/z 1895.0 in Figure 2b, sometimes
acrylamide-reacted peptides are detected when SDS–
PAGE is performed, however, such peaks were rarely
observed in these NEM, NEM-d5, IAA, or 13C6-IAA-
modified proteins. While acrylamide is occasionally used
as a modifier,13 this observation may mean that IAA
and 13C6-IAA are more reactive than acrylamide toward
cysteine residues and hence more suitable cysteine
modifiers.

From these results we conclude that both characterization
and quantification of commercially available proteins
are possible by the use of NEM and NEM-d5, or IAA
and 13C6-IAA combined with 1D SDS–PAGE and
MALDI-MS. It should also be noted that Corthals
et al. have reported successful application of a combina-
tion of IAA and IAA-d5 to quantitative analysis of
commercially available proteins, bovine serum albumin
(BSA) and lactoperoxidase, separated by 1D SDS
PAGE.14

2.2. Quantitative analysis of protein extracts from
Drosophila heads for 2D IEF/SDS–PAGE

Next, we applied our method to quantitative analysis of
the above four proteins separated by 2D electrophoresis,
and confirmed that our method is also applicable to
these commercial proteins as in the experiments by 1D
electrophoresis described above (data not shown).
Therefore we applied our method to quantitative
analysis of proteins from the extract obtained from
Drosophila heads that were separated by 2D
electrophoresis. The protein extracts from 100 Drosophila
heads were split into a set of two solutions in the ratios
of 3:1, 1:1, and 1:3, and were reacted with an excess of
NEM, NEM-d5, IAA, or 13C6-IAA in the presence of
the reducing agent, tributylphosphine, as in the experi-
ment with 1D electrophoresis above. We then performed
quantitative analysis of many proteins in these protein
samples developed on 2D IEF/SDS–PAGE described
in Section 4. We also identified these proteins by peptide
mass fingerprinting concurrently with or prior to the
quantitative analysis. All the protein samples were
developed under the same conditions. Although occa-
sionally poor reproducibility has been pointed out for
2D electrophoresis, all the 2D gel images were highly
superimposable throughout our experiments. Although
recently thiourea is frequently used for performing 2D
electrophoresis, we used urea instead in order to avoid



Table 2. Tryptic peptide peaks of BSA modified with IAA or 13C6-IAA (BSA–IAA/BSA–13C6-IAA = 1:1)

Number of

peptides

Observed m/z

value of IAA-

modified peptide

Observed m/z value of
13C6-IAA-modified peptide

Theoreticala m/z value

of unmodified peptide

Identified peptide from database Number of

cysteines

Number of added

IAAs (13C6-IAAs)
Position on protein Sequence

1 655.3 661.3 522.3 Unknown Unknown Unknown 1

2 974.5 980.5 841.5 483–489 LCVLHEK 1 1

3 1110.5 1116.5 977.5 123–130 NECFLSHK 1 1

4 1144.5 1150.5 1011.4 (low)b 413–420 QNCDQFEK 1 1

5 1148.6 1154.5 1015.5 310–318 SHCIAEVEK 1 1

6 1157.6 1163.6 1024.5 499–507 CCTESLVNR 2 1

7 1290.6 1302.7 1024.5 499–507 CCTESLVNR 2 2

8 1183.7 1189.6 1050.5 (low) 588–597 EACFAVEGPK 1 1

9 1185.6 1191.7 1052.5 (low) 460–468 CCTKPHSER 2 1

10 1318.7 1330.6 1052.5 (low) 460–468 CCTKPESER 2 2

11 1443.8 1455.8 1177.6 (ND)c 300–309 ECCDKPLLEK 2 2

12 1615.8 1627.8 1349.5 (ND) 76–88 TCVADESHAG CEK 2 2

13 1495.9 1501.7 1362.7 (ND) 89–100 SLHILFGDELCK 1 1

14 1630.8 1642.7 1364.5 (ND) 106–117 ETYGDMAD CCEK 2 2

15 1519.8 1525.7 1386.6 (ND) 286–297 YICDNQDTISSK 1 1

16 1654.8 1666.9 1388.6 (ND) 375–386 EYEATLEE CCAK 2 2

17 1630.8 1636.7 1497.6 (ND) 387–399 DDPHACYSTVFDK. 1 1

18 1652.9 1658.8 1519.7 (ND) 139–151 LKPDPNTL CDEFK 1 1

19 1844.9 1856.8 1578.6 (ND) 267–280 ECCHGDLLE CADDR 3 2

20 1977.8 1995.8 1578.6 (ND) 267–280 ECCHGDLLE CADDR 3 3

21 1899.8 1911.8 1633.7 (ND) 184–197 YNGVFQE CCQAEDK 2 2

22 1801.0 1806.9 1667.8 (ND) 469–482 MPCTEDYLSLILNR 1 1

23 1817.0 1823.0 1683.8 (ND) 469–482 1Met-Oxd MPCTEDYLSLILNR 1 1

24 1854.9 1860.9 1721.9 (ND) Unknown Unknown Unknown 1

25 1882.9 1889.0 1749.9 (ND) Unknown Unknown Unknown 1

26 1889.0 1894.8 1756.0 (ND) Unknown Unknown Unknown 1

27 2155.9 2174.0 1756.7 (ND) 581–597 CCAADDKEA CFAVEGPK 3 3

28 1957.0 1963.0 1823.9 508–523 RPCFSALTPDETYVPK 1 1

29 2534.3 2540.3 2401.2 (ND) 319–340 DATPENLPPLTADFAEDKDV CK 1 1

a Theoretical m/z value of unmodified peptide: calculated from the peptide sequence or the observed m/z value of IAA/13C6-IAA-modified peptides.
b Low, low intensity.
c ND, not detectable.
d Met-Ox, methionine is oxidized.
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Table 3. Results of quantitative analysis of commercial proteins with IAA and 13C6-IAA after 1D SDS–PAGE

Protein Number of Cys R2 Inclination

Bovine serum albumin 35 0.9996 0.9678

Ovalbumin 6 0.9999 1.0044

Carbonic anhydrase 0 NDa NDa

a-Lactalbumin 8 0.9997 0.9931

a ND, not detectable.
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Figure 3. (a and b) Quantitative analysis of bovine serum albumin (BSA) by 1D SDS–PAGE.
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potential side reactions between thiourea and these tag-
ging reagents.

For example, Figure 4 is the 2D IEF/SDS–PAGE gel of
the mixture of the above protein samples in the ratio of
3:1 that were reacted with an excess of IAA or
13C6-IAA.

The ratio reflects the amount of the sample protein
reacted with IAA and 13C6-IAA, namely, IAA-reacted
protein/13C6-IAA-reacted protein = 3:1 in this case.
Figure 5a and b shows the MALDI spectra of the
tryptic peptides digested from the protein labeled No.
3 (tropomyosin 1) in the above protein sample
prepared by mixing the NEM-reacted protein extract
and the NEM-d5-reacted protein extract in the ratio
of 3:1 (NEM-reacted/NEM-d5-reacted) (Fig. 5a) and
that prepared by mixing the IAA-reacted protein
extract and the13C6-IAA-reacted protein extract in the
ratio of 3:1 (IAA-reacted/13C6-IAA-reacted) (Fig. 5b),
respectively.

These spectra indicate that the proteins extracted
from living organisms react with NEM, NEM-d5,
IAA, or 13C6-IAA successfully in the presence of
tributylphosphine, while some differences in reactivity
between the proteins extracted from Drosophila heads
and the commercial proteins can be pointed out. Among
the proteins developed on 2D IEF/SDS–PAGE, eight
proteins identified through peptide mass fingerprinting
and their quantitative analysis using IAA and 13C6-
IAA are summarized in Table 4.

In a comparison of the observed and the theoretical
ratios between IAA- and 13C6-IAA-modified tryptic
peptides, each analytical graph at each ratio shows
reasonable linearity and inclination values. Among the
eight proteins in Table 4, mitochondrial porin has no
cysteine residues. Therefore as in the above results
in 1D electrophoresis with commercially available
proteins, no IAA- or 13C6-IAA-modified peptide peaks
were detected from this protein (data not shown).
As in the case of the commercial proteins purified
by 1D electrophoresis, acrylamide-reacted peptides were
rarely observed after this 2D electrophoresis.15
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Table 4. Results of quantitative analysis of proteins from Drosophila heads separated by 2D IEF/SDS–PAGE

Spot no. Protein candidate Number

of Cys

R2 Inclination

1 CG3612-PA 4 0.9997 1.0647

2 Enolase 4 1.0 0.9467

3 Tropomyosin 1 1 0.9989 1.092

4 Arginine kinase 5 0.9995 1.0457

5 Aldolase 4 1.0 1.0143

6 Tropomyosin 2 3 0.998 0.9542

7 Mitochondrial porin 0 NDa NDa

8 Alcohol dehydrogenase 2 0.9953 1.017

a ND, not detectable.

8204 S. Kurono et al. / Bioorg. Med. Chem. 14 (2006) 8197–8209
Although NEM and IAA were both sufficiently reactive
and hence equally efficient modifiers for quantitative
analysis of model proteins in the above experiments,
we observed substantial differences in performance
between these two reagents when they were applied to
the 2D electrophoresis experiments on biological
samples. We were able to obtain reasonable quantitative
results only from tropomyosin 1 when using NEM or
NEM-d5 (data not shown). Although we tried to
increase the reaction time of the proteins with NEM
or NEM-d5 to 24 and 48 h, and also to raise the reaction
temperature up to 37 �C, these results did not change
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significantly. While the reason is unclear, one plausible
reason is that NEM and NEM-d5 are less reactive than
IAA and 13C6-IAA to cysteine residues to begin with. It
may be pointed out that these N-alkylmaleimides are in
general known to interfere with reducing reagents more
than iodoacetamide derivatives.12 In other words,
iodoacetamide derivatives tend to react with sulfhydryl
groups more specifically. The pH conditions that are
known to be suitable for reactions of cysteines and
iodoacetamide are around 8–9 while those suitable for
reactions of cysteines with N-alkylmaleimide are around
7. This slightly basic pH may also contribute to enhanc-
ing the reactivity of sulfhydryl group as a nucleophile,
and hence explain the higher reactivity of the iodoacet-
amide derivatives, IAA or 13C6-IAA, than of the N-
alkylmaleimide derivatives, NEM or NEM-d5. Some
studies also indicate that the optimal pH for reduction
of S–S bonds appears to be around 8.5–8.9,16 which
would also account for the enhanced reactivity of the
cysteines with IAA or 13C6-IAA. However, it is reason-
able to exclude the conditions of 2D electrophoresis as a
cause, because this method was successful with either
combination, NEM/NEM-d5 or IAA/13C6-IAA, for the
commercial proteins separated by 2D electrophoresis.
Another explanation may be attributed to the buffer
solutions. Since some components of the lysis buffer to
prepare the protein extract from Drosophila heads and
the buffer to prepare commercial protein solutions are
different, it is possible that the components in the buffer
for the protein extracts from Drosophila heads may have
interfered with the less specific N-alkylmaleimides under
our experimental conditions before the N-alkylmalei-
mides reacted with sulfhydryl groups. It is also possible
that since commercial proteins are relatively pure the
protein concentration was higher than that of the pro-
teins from Drosophila heads, while the protein extracts
from Drosophila heads have many ingredients, which
may also have interfered with the less specific N-alkyl-
amides. We are examining the possible application of
our method to other protein extract samples to obtain
further information about its applicability.

From these results we conclude that both characterization
and quantification of most proteins are possible by the
use of IAA and 13C6-IAA combined with 2D IEF/
SDS–PAGE and MALDI-MS.
3. Summary and conclusions

We have demonstrated that the combination of isotope-
labeled and -unlabeled small organic molecules, NEM
and NEM-d5 as well as IAA and 13C6-IAA, and
MALDI-MS with 1D or 2D electrophoresis is applicable
to quantitative analysis of commercial proteins as well as
proteins extracted from Drosophila heads. Ionization effi-
ciencies of the peptides do not appear to be significantly
influenced by modifications with these reagents, even
though some of the peptides show slightly decreased ion-
ization efficiency, possibly caused by their modification.
Both combinations have proven to exhibit differences in
the molecular mass (5 and 6 Da) sufficient to overcome
overlapping problems caused by the monoisotopic peaks
from the isotope-labeled compounds and the isotopic
peaks from unlabeled compounds, as we had shown in
similar experiments with peptides.10,11 Earlier, Sechi,17

Hamdan et al.,18 and Schrattenholz et al.19 independently
reported their methods for quantitative analysis of pro-
teins separated by 1D or 2D electrophoresis applying
d0- and d3-acrylamides as cysteine modifiers. Another
set of small-molecule cysteine modifiers, d0- and d4-vinyl-
pyridine,20 is also anticipated to be equally useful in com-
bination with 2D electrophoresis. However, from our
previous study using methylmaleimide-d3,10 we conclude
that at least 5 Da is necessary to sufficiently overcome this
overlapping problem.21 Consisting of only three carbons,
acrylamide limits possibilities for further synthetic modi-
fication to yield a greater difference in the molecular mass.
Our simple synthetic manipulation offers an attractive ap-
proach for further modifying various types of modifiers.

Although recently a number of proteomic methods for
quantitative analysis of proteins have been reported,
most methods are based on liquid chromatography for
separation, purification, and observation of protein
expression profiles, and proteomic methods based on
the use of 2D electrophoresis as a means to obtain
protein expression profiles are rather limited.22 The ma-
jor reasons for the preference are the ease with which
LC-based methods adjust to high-throughput systems
as well as the ability of these methods to deal with a
wider range of proteins than 2D electrophoresis does.
However, 2D PAGE has been the most mature
technique for obtaining protein expression patterns,
separating thousands of proteins. As there is no single
proteomic procedure useful to comprehend all the neces-
sary data, many different technologies are required for
analysis of various features of proteins for proteomics.

Our method revealed several advantageous points over
LC-dependent methods. First, we did not observe any
isotope effects, although they have been common and
fundamental problems in LC-dependent methods such
as ICAT. We conclude that the reactivities of these
isotope-labeled and -unlabeled modifiers are identical.
Therefore, even if several cysteine residues are rather
poorly reactive, they do not affect the quantitative
analysis of proteins because the reactivity toward the
isotope-labeled or -unlabeled modifier is identical. In
fact, no particular discrepancies in the ratios were ob-
served from different cysteine residues within the same
protein. We think that this outcome is due to the use
of small organic molecules which are less hydrophobic
and therefore more soluble in SDS–PAGE conditions.
When there is more than one cysteine residue, these
residues provide multiple data points for quantitative
analysis, ensuring accuracy. Furthermore, we identify
each protein through peptide mass fingerprinting prior
to quantitative analysis, and therefore even when non-
specific binding is detected between non-sulfhydryl
groups and these labeling reagents, such nonspecific
binding can simply be ignored. We have demonstrated
that even in the presence of potential nonspecific bind-
ing, the results of the quantitative analysis still indicated
reasonable correlation between the theoretical and ob-
served ratios in the above experiments. This is a signifi-
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cant advantage over the ICAT method in which protein
identification is conducted only at the end of the entire
process by tandem mass spectrometry, while in our
method tandem mass spectrometry is optional for con-
firmation of the proteins identified through peptide mass
fingerprinting.

Recent comparative studies of commonly used proteomic
quantitative methods indicate significant discrepancies
among the quantitative data obtained by the DIGE
methods and two LC-dependent methods that use
cleavable ICAT or iTRAQ.23 Other studies on the
shotgun approach in protein identification by microcapil-
lary liquid chromatography-tandem mass spectrometry
(lLC/MS/MS) indicate that the efficacy of digestion
heavily depends on the protocols followed in this
approach.24 These results also suggest the importance of
an alternative approach by electrophoresis and small-
molecule isotope-labeling.

Therefore, depending on the types of the sample
proteins that contain cysteines and the purpose of the
projects, our method is anticipated to complement other
existing LC-dependent methods and to be applicable to
quantitative proteomics in many types of projects, its
greater applicability thus making it more readily accessi-
ble to diverse laboratories. We are currently synthesizing
other modifiers that are small organic molecules of
which the differences of molecular mass between iso-
tope-labeled and -unlabeled versions are greater than
6 Da, and investigating the possibility of expanding
our method toward these reagents as well as those that
modify non-cysteine-containing proteins, and further
studies will be reported in due course.
4. Experimental methods

4.1. Preparation of standard protein solutions for 1D
SDS–PAGE (without modifiers)

Each of the following four commercial proteins (1 mg
each, purchased from Sigma), bovine serum albumin
(66 kDa), egg albumin (45 kDa), carbonic anhydrase
(29 kDa), or a-lactalbumin (14.2 kDa), was dissolved
in a sample buffer (1 mL) containing Trizma� Pre-Set
Crystals (purchased from Sigma), ethylenediaminetetra-
acetic acid (EDTA), sodium dodecyl sulfate (SDS), and
b-mercaptoethanol. The pHs and the concentrations of
Trizma�, EDTA, SDS, and b-mercaptoethanol were as
follows. For the Trizma� Pre-Set Crystals the initial
pH was 7.0 and the final concentration was 78 mM.
For the EDTA, the final concentration was 6.3 mM.
For the SDS, the final concentration was 2.5% (w/v).
For the b-mercaptoethanol, the final concentration (v/
v) was 1.25%. The mixed protein solution was left for
1 h at room temperature.

4.2. Preparation of standard protein solutions for 1D
SDS–PAGE (with NEM/NEM-d5)

Each of the following four commercial proteins (1 mg
each, purchased from Sigma), bovine serum albumin
(66 kDa), egg albumin (45 kDa), carbonic anhydrase
(29 kDa), or a-lactalbumin (14.2 kDa), was dissolved
in a sample buffer (1 mL) containing Trizma� Pre-Set
Crystals (Sigma), EDTA, SDS, and tributylphosphine
(TBP). The pHs and the concentrations of the Trizma�,
EDTA, SDS, and TBP were as follows. For the
Trizma� Pre-Set Crystals, the initial pH and the final
concentration were 7.8 and 84 mM. For the EDTA,
the final concentration was 6.8 mM. For the SDS,
the final concentration was 2.7% (w/v). For the
trib- utylphosphine (TBP), the final concentration was
20 mM. The mixed protein solution was left for 1 h at
room temperature for sufficient reduction with TBP.

Each of the above protein solutions (10 lL) with
different molar ratios was incubated with 1 lL of 1 M
NEM or NEM-d5 DMSO solution, and these two
solutions were mixed and incubated for 2 h at 37 �C.
In this way, the following five molar ratio pairs of
protein solutions were examined: 9:1, 6:1, 3:1, 1:1, and
1:3 (NEM-modified/NEM-d5-modified).

4.3. Preparation of standard protein solutions for 1D
SDS–PAGE (with IAA/13C6-IAA)

Each of the following four commercial proteins (1 mg
each, purchased from Sigma), bovine serum albumin
(66 kDa), egg albumin (45 kDa), carbonic anhydrase
(29 kDa), or a-lactalbumin (14.2 kDa), was dissolved
in a sample buffer (1 mL) containing Trizma� Pre-Set
Crystals (Sigma), EDTA, SDS, and tributylphosphine
(TBP). The pHs and the concentrations of the
Trizma�, EDTA, SDS, and TBP were as follows. For
the Trizma� Pre-Set Crystals, the initial pH was 9.0
and the final concentration was 84 mM. For the
EDTA, the final concentration was 6.8 mM. For
the SDS, the final concentration was 2.7% (w/v). For
the tributylphosphine (TBP), the final concentration
of was 20 mM. The mixed protein solution was left
for 1 h at room temperature for sufficient reduction
with TBP.

Each of the above protein solutions (10 lL) with
different molar ratios was incubated with 1 lL of
200 mM IAA or 13C6-IAA DMSO solution, and the
two solutions were mixed and incubated for 2 h at
37 �C. In this way, the following five molar ratio pairs
of protein solutions were examined: 9:1, 6:1, 3:1, 1:1,
and 1:3 (NEM-modified/NEM-d5-modified or IAA-
modified/13C6-IAA-modified).

4.4. Separation of proteins in 1D SDS–PAGE

The following SDS–PAGE gels were used: 0.8-mm thick
gels (17-cm wide) that consist of 5% acrylamide in
stacking gels (2-cm long) and 11% acrylamide in separat-
ing gels (13.5-cm long). Right before loading the samples,
20 lL of the protein mixture solutions was mixed with
5 lL of a solution consisting of 20% (v/v) glycerol and
0.1% (w/v) bromophenol blue, and the solution was sub-
jected to SDS–PAGE. The electrophoresis conditions
were as follows: 10 mA for about 1 h and 30 min, until
the bromophenol blue reached the end of the stacking
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gel, followed by 25 mA for about 2 h and 30 min until the
bromophenol blue reached the end of the separating gel.

4.5. Preparation of protein extracts from Drosophila
heads for 2D IEF/SDS–PAGE (without modifiers)

A total of 100 precisely dissected Drosophila heads,
excluding eyes, were homogenized using 120 lL of a
lysis buffer consisting of 8.5 M urea, 2% 3-[3-(cholamido-
propyl)dimethylammonio]-1-propanesulfonate (CHAPS),
0.5% Bio-Lyte 3/10 ampholyte (Bio-Rad), and 5%
b-mercaptoethanol. After 1 h, the supernatant was
collected by centrifugation, and 100 lL was loaded onto
the IEF.

4.6. Preparation of protein extracts from Drosophila
heads for 2D IEF/SDS–PAGE (with NEM/NEM-d5)

A total of 100 precisely dissected Drosophila heads,
excluding eyes, were homogenized using 80–120 lL of
a lysis buffer consisting of 47.25 mM Trizma� Pre-Set
Crystals, pH 7.0, including 8.5 M urea, 2% CHAPS,
0.5% Bio-Lyte 3/10 ampholyte (Bio-Rad), and 20 mM
TBP. After 1 h, the supernatant collected by
centrifugation was divided into the volume ratios of
3:1, 1:1 or 1:3, and then the above lysis buffer was
added to the smaller amount of supernatant in each
pair to make the volumes equal. Each solution in each
pair was incubated with 2 lL of 1 M NEM or NEM-d5

DMSO solution for 2 h at 37 �C, and subsequently
47.5 lL from each solution was mixed. After 5 lL of
b-mercaptoethanol was added to the mixture and
incubated for 10 min at room temperature to stop the
reaction with NEMs, the mixture (a total of 100 lL)
was loaded onto the IEF.

4.7. Preparation of protein extracts from Drosophila
heads for 2D IEF/SDS–PAGE (with IAA/13C6-IAA)

A total of 100 precisely dissected Drosophila heads,
excluding eyes, were homogenized using 80–120 lL of
a lysis buffer consisting of 47.25 mM Trizma� Pre-Set
Crystals, pH 9.0, for incubation with IAA or 13C6-
IAA, including 8.5 M urea, 2% CHAPS, 0.5% Bio-Lyte
3/10 ampholyte (Bio-Rad), and 20 mM TBP. After 1 h,
the supernatant collected by centrifugation was divided
into the volume ratios of 3:1, 1:1 or 1:3, and then the
above lysis buffer was added to the smaller amount of
supernatant to make the volumes equal. Each solution
in each pair was incubated with 2 lL of 200 mM IAA
or 13C6-IAA DMSO solution for 2 h at 37 �C, and
subsequently 47.5 lL from each solution was mixed.
After 5 lL of b-mercaptoethanol was added to the mix-
ture and incubated for 10 min at room temperature to
stop the reaction with IAAs, the mixture (a total of
100 lL) was loaded onto the IEF.

4.8. Separation of proteins in 2D IEF/SDS–PAGE

For IEF analysis, the ImmobilineTM DryStrips (pH 3–10,
13-cm long, 3-mm wide, and 0.5-mm thickness
after rehydration, Amersham Biosciences) were rehy-
drated overnight with the lysis buffer including 5%
b-mercaptoethanol (v/v) and 0.1% bromophenol blue
aqueous solution. Each 90 lL of four sets of samples
was loaded into a sample cup and focused on IPGphor
(Amersham Pharmacia Biotech), and then IEF was per-
formed. The voltage was linearly increased from 0 to
500 V for 3 min, then increased up to 4000 V over 1 h
and 30 min and held constant at 4000 V for an addition-
al 30 min, and for 4 h at 8000 V with a maximum cur-
rent per strip of 70 lA. A total V h product rather
than 17 kV h was used to focus the strip. The electro-
phoresis conditions for the second SDS–PAGE were
as follows: 15 mA for about 1 h until the bromophenol
blue reached the end of the stacking gel, followed by
25 mA for about 3 h, until the bromophenol blue
reached the end of the separating gel.
4.9. In-gel digestion

The protein bands (from 1D SDS–PAGE) or spots
(from 2D IEF/SDS–PAGE) stained with Coomassie�

Brilliant Blue G-250 (Bio-Rad) or Brilliant Blue
R-250 (Sigma) were excised and destained with 50%
acetonitrile/100 mM NH4HCO3 (pH 8.0). After they
were dried briefly, 2 lL (1 lL at a time, twice) of
N-p-tosyl-LL-phenylalanine chloromethyl ketone
(TPCK)-treated trypsin (Promega) solution (0.2 lg/lL
in 50 mM acetic acid) was applied to each gel piece, fol-
lowed by incubation in 50 lL of 2.5 mM NH4HCO3 over-
night at 30 �C. After that, the incubated solution was
collected and refrigerated. For extraction of the tryptic
peptides, the gel piece was immersed in 60% acetonitrile/
0.1% trifluoroacetic acid (TFA) and shaken for 1 h. The
above refrigerated incubated solution and the extracted
peptide solutions were mixed and dried. The dried
tryptic peptides were dissolved in 5 lL Milli-Q� water.

4.10. MALDI-TOF-MS

The extracted peptide solution was mixed with a matrix
(a-cyano-4-hydroxycinnamic acid, CHCA) solution
(prepared by dissolving 10 mg CHCA in 1 mL of
50% acetonitrile/0.1% TFA) and then subjected to
MALDI-TOF-MS analysis. The MALDI spectra were
obtained by a Voyager Elite BioSpectrometry Research
Station, equipped with a delayed extraction option
(Applied Biosystems) operated at a 20 kV accelerating
voltage, 75% grid voltage, 0.05% guide wire voltage,
150 ns pulse delay time, 100 mV vertical scale, and
3% vertical offset. A pulsed nitrogen laser operating
at 337 nm was used as a desorption/ionization source.
Mass spectrometry was performed in a reflector with
positive ion detection. The ion signal was recorded
using a 500 MHz transient digitizer. The data were
analyzed using GRAMS/386 (Galactic Industries
Corporation).

4.11. Database search

The monoisotopic m/z values of tryptic peptide peaks
were entered into the MS-Fit in the ProteinProspector
(UCSF: http://prospector.ucsf.edu/) for a database
search for characterization of proteins.

http://prospector.ucsf.edu/
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4.12. Peak area calculation

The areas of the monoisotopic peak and the following
four isotopic peaks were added together for each modi-
fied peptide using GRAMS/386. The areas of the small
6- or 7–10th isotopic peaks of NEM- or IAA-modified
peptide were subtracted from the monoisotopic peaks
and the following isotopic peaks of NEM-d5- or 13C6-
IAA-modified peptide, respectively. The observed rela-
tive ratios of unlabeled and isotope-labeled peptides in
the five sets of 9:1, 6:1, 3:1, 1:1, and 1:3 for 1D SDS–
PAGE, or three sets of 3:1, 1:1, and 1:3 for 2D IEF/
SDS–PAGE were plotted against their theoretical ratios
as shown in the graphs in Section 2.
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