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Abstract—D-labeled and -unlabeled N-b-naphthyliodoacetamides have been synthesized for specific modification of the sulfhydryl
groups of cysteine residues in proteins or peptides, and have been applied to quantitative analysis of several peptides. A combination
of these reagents, coupled with mass spectrometry, is anticipated to serve as a useful tool for quantitative analysis of peptides and
hence proteins.
� 2006 Elsevier Ltd. All rights reserved.
Proteomics studies proteomes, which are sets of proteins
expressed by a cell, tissue, or organism under a specific
set of conditions, and it is rapidly becoming an
important research area in the postgenome era.
Proteomics is originally defined as the complete
characterization of the protein complement of a cell,
including post-translational modifications, and as a part
of such goals, a great deal of effort has been directed to
developing methods to quantitatively measure changes
in relative abundance of proteins expressed under two
different physiological conditions. In this sense, it is
essential to develop efficient methodologies for quantita-
tive analysis of proteins within complex mixtures
expressed under certain physiological conditions.

Some classical examples that are still common for
certain purposes of quantitative analysis of proteins
include two-dimensional densitometry of the gel,1

metabolic radioisotope labeling,2 or metabolic
stable-isotope labeling,3 or stable-isotope labeling
during proteolytic digestion of proteins.4 Recently, more
sophisticated methods using stable-isotope tagging by
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chemical reactions followed by mass spectrometry
analysis have been emerging as a more versatile technol-
ogy for quantification of proteins.5 Some of the earliest
work applies deuterium-labeled isotope-coded affinity
tags (ICAT), a biotinylated conjugate of a sulfhydryl
group modifier and its deuterated derivative, which
allow purification of peptides by LC and subsequent
quantitative analysis by MS/MS.6 Other researchers
have also invented similar LC-based methods using
different modifiers.7 However, several fundamental
problems in these methods have been reported, perhaps
due to the use of large organic molecules and a large
amount of aqueous media. These include fragmentation
of the tags during the CID conditions and primary
isotope effects causing differential elution during liquid
chromatography.5a,b These problems suggest the need
to eliminate the LC and the use of large hydrophobic
organic molecules. Earlier, we reported such methods
using small organic molecule modifiers, isotope-labeled
and -unlabeled alkylmaleimides8 and iodoacetanilides.9

We found that the combination of isotope-labeled and
-unlabeled chemical modification of cysteine residues
followed by 2-D gel electrophoresis and matrix-assisted
laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) makes quantification
of peptides and proteins feasible. This method also
allows identification of proteins prior to quantitative
analysis through peptide mass fingerprinting without
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the use of MS/MS unlike other shotgun-LC-based meth-
ods, making our method more economical and accessi-
ble to diverse researchers.

Here we report synthesis of another set of sulfhydryl
group-specific modifiers that are small organic
molecules, D7-labeled and -unlabeled N-b-naph-
thyliodoacetamides (NBN), 1 and 2, and the application
of these modifiers to quantitative analysis of peptides.
As has been demonstrated in our earlier work using
alkylmaleimides and iodoacetanilides, we believe
that the success of this work signifies success in
quantification of tryptic peptides, hence proteins
(Scheme 1).

N-b-naphthyliodoacetamide possesses the reaction site
toward the sulfhydryl group, –SH, that is the same as
iodoacetamide, which is a well-known sulfhydryl group
modifier. The combination of D7-labeled and -unlabeled
N-b-naphthyliodoacetamides (NBN) exhibits 7Da
difference, which is greater than in our earlier studies of
13C6-labeled and -unlabeled iodoacetanilide as well as
D5-labeled N-ethylmaleimide and -unlabeled N-ethylma-
leimide, and therefore is anticipated to be more effective.

Synthesis of D7-labeled and -unlabeled
N-b-naphthyliodoacetamides (NBN), 1 and 2, was
carried out from iodoacetic acid and D7-labeled or
-unlabeled b-aminonaphthalene, as reported in our
earlier synthesis of 13C6-labeled iodoacetanilide
(Scheme 2).10

The applicability of these reagents was tested for three
synthetic peptides, PEP 31, PEP 13, and PEP 60, in
which the amino acid sequences, molecular weight,
and pI values are KEEPPHHEVPESETC, 1746.75 Da,
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4.5, SDTCSSQKTEVSTVSSTQK, 2001.92 Da, 6.2,
and ALVCEQEAR, 1017.49, and 4.4, respectively.
These peptides are the same as those reported in the
studies of iodoacetanilide and 13C6-iodoacetanilides.9,11

Various aqueous solutions of these peptides with
pH 9.0 were reacted with D7-labeled or -unlabeled
N-b-naphthyliodoacetamides (NBN), and the
relative molar ratios were quantitatively analyzed by
MALDI-TOF MS after a matrix was added.

The following charts show peptide PEP 31 itself
and PEP 31 reacted with -unlabeled iodoacetanilide or
D7-labeled N-b-naphthyliodoacetamides.12 The ion
peaks show the monoisotopic mass for PEP 31
(1746.75 Da) and a series of isotope peaks that are
several daltons greater than the monoisotopic peak
due to the existence of natural isotopes. The
excess amount of D7-labeled and -unlabeled
N-b-naphthyliodoacetamides completely reacted with
this peptide within 30 min. By reacting with the
unlabeled or labeled N-b-naphthyliodoacetamides
(NBN), the molecular weight of the NBN-modified or
D7-NBN-modified PEP 31 increased by 183 or 190 Da,
respectively, indicating that a combination of these
modified peptides shows 7 Da difference (Fig. 1).

In order to examine general applicability of these
reagents to quantitative analysis of peptides, several
aqueous PEP 31 solutions with pH 8.5 were prepared,
and these solutions were individually treated with
D7-labeled or -unlabeled N-b-naphthyliodoacetamides.
Then the differentially labeled PEP 31 solutions were
mixed in various ratios. The ratios of NBN-PEP 31 to
D7-NBN-PEP 31 examined were 6:1, 3:1, 1:1, and 1:3.
The relative quantities of PEP 31 in each mixed solution
were measured from the relative signal intensities
for pairs of peptide ions modified with D7-labeled or
-unlabeled N-b-naphthyliodoacetamides.13

Figure 2 shows the MALDI MS spectrum for each set of
the PEP 31 mixtures above. After measuring the height
of the most abundant peak among the monoisotopic
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Figure 1. MALDI spectra of PEP 31 and N-b-naphthyliodoacetamide-

modified PEP 31.
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Figure 2. MALDI spectra of the sets of N-b-naphthyliodoacetamide-

modified PEP 31 with varied concentrations.
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and the following few isotopic peaks for each modified
peptide, the relative ratios of the modified peptide were
calculated. The relative ratios of modified PEP 31 thus
obtained were plotted against their theoretical ratios as
in the following graph (Fig. 3).13
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Figure 3. Quantitative analysis of PEP 31.
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Figure 4. Quantitative analysis of PEP 13 and 60.
As can be seen in the graph, the observed relative ratios
and the theoretical ratios for D7-labeled and -unlabeled
NBN-modified PEP 31 in the two solutions have an
excellent correlation. From these data, it is concluded
that ionization efficiencies of the D-labeled and those
for -unlabeled NBN-PEP 31 are identical within the
experimental errors, as we had reported for other stable
isotope-labeled and -unlabeled small molecule modifiers.

In order to assess the generality of this method, we
further applied this method for quantitative analysis
to two other peptides, PEP 13 and 60. The following
two graphs were obtained in the same manner as
described above (Fig. 4).

From these figures, it is also concluded that the
ionization efficiencies of the D7-labeled and -unlabeled
NBN-modified PEP 13 and 60 are the same within the
experimental errors, and hence molar ratios of the
peptides in two sample solutions can be measured at
a high accuracy according to this method. While pri-
mary isotope effects have been reported for a combina-
tion of D-labeled and -unlabeled compounds in other
quantification methods, we observed no isotope effect
during the quantitative analysis of proteins/peptides
in this study as well as in the methods we previously
reported.

In summary, we demonstrated that a combination of
D7-labeled and -unlabeled N-b-naphthyliodoacetamides
(NBN) enables quantitative analysis of various peptides
with molecular weight 1000–2000 Da. Since these sizes
of peptides are typically used in proteomics, this method
is anticipated to be a useful tool for proteomic research.
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