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For the purpose of biomarker discovery, we originally develo ped a novel method for quantitative proteome
analysis utilizing both tryptophan-targeted stable isotope tagging and mass spectrometry. The method
has now been refined by replacing |

matrix that is specifically suitable
combining this method with HPLC, an automatic spotter, MALDI-TOF MS and analytical software,

detergents and an enrichment column and further utilizing a novel
for tagged peptides. A total analytical systemn has been constructed by
Clinical

tissue samples such as colorectal carcinoma and renal cell carcinoma were analyzed using this system,
and the results demonstrated that it is useful for discovering novel biomarker candidates. Here, we review
a series of these studies and also discuss future directions for development ¢f this technology.
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1. Introduction

With the advent of whole genome sequencing of human [1-3]
and other species [4-6), both transcriptorne and proteome analyses
have been increasingly performed to discover genes and proteins
related to various biological phenomena or diseases {7-9]. Tran-
scriptome analyses, along with the development of microarray
systems, have led to the discovery of candidates responsible for dis-
eases and have highlighted features of special cells [10,11]. However,
it is often difficult to select effective biomarker proteins from the
results of these experiments, because mRNA expression levels do
not necessarily correlate with cellular protein abundance [12,13].

* This paper was presented. at the 33rd Meeting of the Japanese Society for
Biomedical Mass Spectrometry, Tokyo, Japan, 25-26 September 2008.
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In addition, many proteins recejve post-translational modifications
[14] and/or processing that cannot be predicted only from genome
or transcriptome information. Proteome analyses can directly iden-
tify a set of proteins whose abundance is altered, and thus this
method is well suited to biomarker discavery, although the pro-
cedure is somewhat complex and sometimes time-consuming. For
many years, two-dimensional gel electrophoresis (2-DE) has been
applied to proteome analysis, and biomarkers have been discov-
ered using this technology [15]. However, this approach has some
experimental and operational limitations [16]. For example, higher
molecular weight proteins, basic proteins, and membrane proteins
are difficult to separate effectively. In addition, it is laborious to deal
with many samples and it is sometimes difficult to obtain repro-
ducible results. In the last decade, mass spectrometry (MS)-based
proteome analysis has become a mainstream method as instrumen-
tal and methodological aspects have progressed [17-19], and novel
methodologies utilizing stable isotope labeling and MS detection
have been developed to perform quantitative proteome analysis
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Table 1
Comparison among isotopic-labeling methods for quantitative proteome analysis.

Methods Labeling Target Protein Peptide Simplification  Applicability Advantage to use Isolation of Jabeled Data used for
coverage coverage of analysis to samples MALDI-MS peptides quantitation

SHAC In vivo n.a? 44 A4 + + 4+ n.a. MS

cICAT In vitro Cys residue +4{+) + ++{+) +H{+) ++ 44 MS

iTRAQ in vitro Amino group 4 4 ++ 44+ + n.a. MS/MS

NBS Invitro Trp residue +H{+) + 4 +4{+) +Ht ++ MS

Marks indicate as follows: +++; excellent > ++(+) > ++; good > +(+) >+; poor, n.a.; not applicable. All the methods can be combined with other method and thus each evaluation

can be changed.

2 Indicate that the evaluation can be changed depending on which amino acids are isotopically labeled and which protease is used. Shown here is a typical example of

using Lys and Arg for labeled amino acid and trypsin for digestion.

[20-23]. This approach has an advantage in that it can be combined
with liquid chromatography and automated. Thus it is expected to
have great potential for more powerful analyses of complex sam-
ples. In our efforts to discover novel biomarkers related to diseases
such as cancers, we have developed a novel quantitative proteome
method employing this approach [24]. We have now refined our
original method [25,26] and constructed an analytical system [27].
Here, we describe the method development, establishment of the
analytical system and its applications to clinical samples.

2. NBS method development

Anumber of methods using stable isotope labeling for quantita-
tive proteome analysis have been developed, and three commonly
used methods, as well as ours, are summarized in Table 1. These
methods can be roughly classified into two categories: in vivo and in
vitro labeling [21]. In vivo labeling techniques utilize stable isotope-
labeled nutrients, e.g. amino acids for SILAC (stable isotope labeling
with amino acids in cell culture [28]), that are metabolically incor-
porated into cellular proteins. The labeled nutrients are relatively
inexpensive and easily used, but these techniques are limited to
samples such as cultured cells. On the other hand, in vitro labeling
techniques utilize stable isotope-labeled reagents that are bound
to proteins via a chemical reaction. Therefore, they are applicable
to almost all protein samples, including human tissues, and thus
are matched to our purpose. In these methods, proteins are gener-
ally digested with an enzyme (endopeptidase) that cleaves peptide
bonds next to specific residue(s), and then a number of peptides are’
generated whose lengths are desirable for MS analysis. Since cell
or tissue samples are expected to contain thousands of proteins,
the digests after enzymatic cleavage include tens of thousands or
even more peptides. Therefore, it seems difficult to analyze all of
them, although some methods, such as iTRAQ, label and target all
peptides present in a given mixture [29]. Theoretically, this type of
method can cover all the peptide fragments resulting from protein
digests, and thus can be applied even to peptidome analysis. How-
ever, it seems advantageous to adopt a strategy where only a specific
residue is [abeled and the resultant labeled peptides are somehow
isolated. Using this type of strategy, only part of the digest is tagged
but the labeled peptides are representative of their parent pro-
teins, allowing quantification of protein levels. We have developed
a novel in vitro labeling method that utilizes tryptophan as a target

residue [24]. Because tryptophan is the least abundant amino acid
in proteins {30], isolation of tryptophan-labeled peptides reduces
the number of analytes and the complexity of the entire analysis.
Most proteins (>90%) in Homo sapiens contain at least one trypto-
phan residue [30], so this method is suitable for global proteome
analysis. However, there is a limitation of this method: it is not
suitable to peptidomic application (and sometimes to other appli-
cations), because the coverage of tryptophan labeling becomes less
and less as the sequences of targets become shorter and shorter.

Several arylsulfenyl! halides are known for their selective reac-
tivity towards the indole ring of tryptophan under acidic conditions
[31-33]. Some of these chemicals were tested for their reac-
tivity, and it was found that 2-nitrobenezenesulfeny! chloride
(NBSCI) effectively labeled tryptophan residues [24] (Fig. 1). NBSC]
also reacts, to some extent, with sulfhydryl groups of cysteine
residues. However, the resulting labeled cysteine residues, in which
sulfhydryl and NBS groups are linked through disulfide bonds,
are all converted to carbamidomethyl cysteins after subsequent
reduction and alkylation steps [24] (Fig. 2). Thus, “tryptophan spe-
cific” labeling was finally achieved using NBSCI. We prepared a set
of “heavy” and “light” NBSCls (referred to as “NBS reagent”; this
reagent is commercially available from Shimadzu Corporation as
“I3CNBS Stable Isotope Labeling Kit-N") that incorporated six 3C
and six 12C in their benzene rings, respectively (Fig. 1). The two
protein samples were then processed according to the procedure
shown in Fig. 2: sample 1 was labeled with a heavy NBS reagent
and sample 2 was labeled with a light NBS reagent, leading to a
mass difference of 6Da between sample 1 and sample 2 for all
of the tryptophan-containing peptides. The labeled peptides were
enriched by taking advantage of the relatively stronger affinity of
NBS-labeled tryptophan-containing peptides for Sephadex media
(LH-20) [34]. Relative quantitation of the proteins in the two sam-
ples was calculated from the intensities of paired peaks having a
6Da mass difference in the MS spectra; proteins were then iden-
tified by a database search using queries based on data from the
MS/MS spectra (Fig. 3).

Several feasibility studies were performed, demonstrating that
this method is well suited to quantitative proteome analyses [24].
Basic properties of the analyses were evaluated, such as accurate
quantitation, simple enrichment of labeled peptides, availability of
both MALDI-TOF and ESI-MS analysis, compatibility with MS/MS
analysis without any undesirable fragmentation, and co-elution of
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Fig. 1. Structural and reaction formula of the NBS reagent. Asterisk (*) indicates 12C for the light reagent and 3C for the heavy reagent.
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heavy and light labeled peptides from a C18 column by RP-LC [24].
The latter two issues were reported problems [35,36] in studies
utilizing the original ICAT reagent [37]. Both the simple structure
of the NBS reagent and the use of 13C instead of deuterium as a sta-
ble isotope element led to solution of these problems.! Thus, we
have developed a novel method that includes all of the basic char-
acteristics needed for quantitative proteome analysis. We called
this method the “NBS method”, referring to the abbreviation of the
central reagent.

3. Method optimization and improvement

Although the basic methodology was developed as mentioned
in the former section, additional refinements were needed to opti-
mize it for practical use, especially in the case of biologically derived
samples consisting of complex protein mixtures. The main prob-
lems to be addressed were loss of sample, generation of by-products
(molecules with mass increases of 57 Da; we assume that this was
due to an unexpected alkylation {carbamidomethylation) of a side
chain other than the cysteine SH group [25]), and contamination of
eluted fractions with unlabeled peptides. We reviewed the entire
protocol and decided to optimize the denaturing conditions and
the enrichment step {25]. First of all, we used urea or guanidine
hydrochloride for the denaturation step, instead of the original pro-
tocol’s SDS denaturation, because they are compatible with trypsin
digestion at relatively high concentrations and can be removed eas-
ily. Use of these denaturants at high concentrations is advantageous
to keep proteins, including hydrophobic and membrane proteins,
soluble and to avoid aggregation and/or proteolysis. Next, we used
a phenyl resin instead of a Sephadex LH-20 to enrich labeled pep-
tides, because the NBS-labeled tryptophan side chain is aromatic as
well as hydrophobic, and m-electron interactions between the NBS-
indole ring moiety and phenyl groups in the media should increase
the specificity of the binding.

We then examined which condition is best suited for each step
as well as influences of various conditions on downstream steps
[25]. We finally established one optimum condition that provided
several improvements; almost 100% labeling in less than 10 min,
suppression of by-products (+57 Da), at least 80-90% recovery of the
labeled peptides with better separation from unlabeled peptides,
more accurate quantitation, and reduction of the total operation
time [25]. As a result, there was minimal sample loss during the NBS
reaction procedure so the sensitivity was preserved. In addition,
use of the phenyl columnn resulted in a somewhat chromatographic
separation of labeled peptides, as described below. Comparison of
the original and improved protocols showed there was more than
a five-fold increase in the number of observed NBS-labeled paired
peaks using the improved protocol [25].

4. Discovery of a selective matrix for NBS-labeled peptides

In the NBS method, MS/MS analysis is indispensable for the
identification of proteins, and we often use MALDI-IT-TOF-type
MS only for this purpose. However, we had a problem here in
detecting NBS-labeled peptides by this type of MS. It was gen-
erally recommended for this instrument to use a cool matrix
such as 2,5-dihydroxybenzoic acid (DHB), to avoid decay of ion-
ized molecules during ion trapping. However, DHB was found
to be incompatible with the detection of NBS-labeled peptides
[26]. Therefore, we searched for another cool matrix that would
be suitable for detection of NBS-labeled peptides by MALDI-IT-

¥ In the case of the ICAT reagent, these issues were already solved by the use of
13C and by removal of the cleavable tag introduced into the improved reagent, ciCAT
[36].
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Fig. 4. Structural formulas of the four matrices, CHCA, DHB, CHCA (3-hydroxy iso-
mer) and HNBA.

TOF MS. After screening benzoic acid derivatives, we found two
matrices, o-cyano-3-hydroxycinnamic acid (a structural isomer
of conventionally used CHCA (a-cyano-4-hydroxycinnamic acid))
and 3-hydroxy-4-nitrobenzoic acid (HNBA), which satisfied our
requiremnents [26] (Fig. 4). We then made the fortuitous discovery
that the HNBA matrix has an additional special property of selec-
tively detecting NBS-labeled peptides in mixtures of labeled and
unlabeled peptides [26]. The mechanism behind this selectivity is
that the sensitivity of the HNBA matrix in detecting labeled pep-
tides is similar to that of CHCA, whereas its sensitivity for detecting
unlabeled peptides is greatly decreased, compared to CHCA. Thus,
the HNBA matrix preferentially detects labeled peptides, for exam-
ple from samples containing unlabeled impurities. This matrix
possesses yet another favorable property, in that it suppresses
fragmentations (mainly —~16 and —32Da species that result from
detachment of oxygen(s)) [26], which were known to occur dur-
ing the MALDI-TOF MS measurement of nitrobenzene compounds
[38,39]. We investigated the mechanisms underlying these phe-
nomena and found that various nitrobenzene compounds showed a
similar effect, although the detection sensitivities of these matrices
were much lower than that of HNBA [26]. We defined a “selectiv-
ity index” to indicate the size ranges over which labeled peptides
are detected preferentially over unlabeled peptides by comparing
results obtained using a given matrix to results obtained using a
conventional CHCA matrix [26]. The selectivity index for the HNBA
matrix was as high as 10. Interestingly, that of the original matrix
for MALDI-IT-TOF MS, DHB, is about 0.1.

As mentioned above, the HNBA matrix has quite unique and
favorable features for the detection of NBS-labeled peptides. How-
ever, it is less usable due to unstable signal detection and rapid
signal decay, compared to conventionally used CHCA [26]. These
drawbacks were compensated by the combined use of HNBA and
CHCA: the usability was greatly increased with a minor loss of
selectivity [26]. Surprisingly, in addition to this, the sensitivity in
detecting labeled peptides was increased about four-fold [26]. The
idea of using two matrices as a co-matrix was very simple, but
the practical and beneficial effects have become significant in this
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Fig. 5. Total analytical system using the NBS method.

case. In conclusion, discovery of HNBA matrix and its incorporation
into an HNBA-CHCA co-matrix system increased the usability and
detection sensitivity of target signals, thus increasing the dynamic
range of the NBS detection method.

5. Establishment of an analytical system

Aside from the improvement and refinement of the NBS method,
construction of an analytical system is also essential to our goal.
Although the NBS method reduces much of the sample complexity,
typical eluates from the enrichment step still contain many thou-
sands of peptides, and fractionation by HPLC is indispensable for
wider coverage and accurate quantitation. Systematic quantitation
and protein identification are also desirable.

As mentioned above, the NBS method can be applied to both ESI-
MS and MALDI-TOF MS. ESI-MS can be connected “on-line” with
HPLC and run cooperatively and automatically. Recent advances in
ESI-MS (with regard to both hardware and software) have resulted
infastscan speeds and an improved duty cycle, which can maximize
the higher-resolution separation of peptides achieved by HPLC.
MALDI-TOF MS can also be connected “off-line” with HPLC, but a
droplet spotted onto a well of the MALDI plate is corresponding to a
number of ESI-MS scans. From this point of view, LC/on-line ESI-MS-
based analysis is superior to LC/off-line MALDI-MS-based analysis.
However, in ESI-MS analysis, it is stili the case that only part of
the eluate is applied to MS or MS/MS analysis, and decisions as to
which peaks should be analyzed by MS/MS are made during the
contjnuous flow from HPLC. Sprayed samples cannot be measured
again. On the other hand, in MALDI MS analysis, MS/MS analyses
can be performed after the HPLC separation and MS analysis, by
referring to the quantitation result from MS analysis. In addition,
data can be accumulated using a target plate upon which all eluates
from HPLC are deposited. This should result in higher sensitivity for
protein identification. Here, we preserved all of the advantages of
MALDI MS analysis, including the existence of the HNBA matrix,
and constructed an LC/off-line MALDI-TOF MS system [27] (Fig. 5).
First, an NBS-labeled peptide sample was applied to wWHPLC and
separated on a capillary ODS (C18) column. Each fraction (drop)
of eluate was automatically deposited onto a MALDI target plate

by a spotting apparatus, followed by automatic MS analysis. Next,
the NBS-labeled paired peaks with significant differences in their
intensities were selected and subjected to MS/MS analysis to iden-
tify their sequences and parent proteins. Operational conditions
throughout these steps were optimized to construct an efficient sys-
tem. For example, an eluate from a phenyl column was divided into
three fractions and each was separately applied to an ODS column
[27]. Both ODS and phenyl columns belong to the same reversed-
phase but they exploit different interactions. Our results showed
that only 10-20% of the peaks overlapped between neighboring
fractions. Thus, a simple fractionation on a phenyl columnincreased
the total number of peptides detected. Analytical software was alsg
developed and incorporated into this system. This enables selec-
tion of all paired peaks with 6 m(z (and 12 mjz) differences for
quantitation, and it is also easy to filter peaks with relatively large
differences in their peak intensities. In this way, a total analytical
system was constructed and then validated using rat and mouse
sera [27]. Three sets of rat and mice sera, each paired samples from
normal and diseased animals, were examined in order to evaluate
this new analytical system. In all three experiments, 1000-2000
paired peaks were detected, and 32 pairs were selected by the
software as differentially expressed protein tags with more than
three-fold differences in expression {27]. Less than 100 paired peaks
were detected without HPLC separation, clearly demonstrating that
the systemn functions effectively for global proteome analysis [27].

In conclusion, we have constructed an analytical systern suitable
for the NBS method with off-line LC-MALDI-TOF MS. Using this
system, even low-intensity peaks from proteins with a relatively
low abundance may be identified and analyzed, for example when
they are differentially expressed in two samples.

6. Applications to clinical samples

Our final purpose in developing this quantitative proteome
analysis system is to discover novel biomarkers (and drug tar-
get proteins), because there is certainly a need to find practical
biomarkers for clinical uses, such as early disease detection,
diagnosis, prognosis, imaging and so on. There are still no diag-
nostic markers for many diseases [40], and in other cases specific
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Table 2
Summary of the two application studies using humnan clinical samples.
Analyzed Detected paired Differential paired peaks Identified peptides Identified Reported Novel
specimens peaks per specimen selected for MS/MS analysis proteins earlier
Colorectal carcinoma {(CRC) 12 ~5000 320 138 128 30 98
Renal cell carcinoma (RCC) 14 6000-7000 225 108 92 249 68

Identified proteins are classified as “Reported earlier” and “Novel”, and the numbers of the latter are highlighted in bold.
2 Includes two proteins which are discordant in their up/down-regulated states with our results {40].

biomarkers exist but are effective only in advanced disease cases
[41]. Here, we applied the analytical system described above to
surgically resected specimens from colorectal carcinoma (CRC) [41]
and renal cell carcinoma (RCC) [40], and the protein expression
profiles of cancerous and normal parts were compared. The results
are summarized in Table 2. In both cases, about 200-300 paired
peaks were selected as having significantly different expression
levels, and as occurring with sufficient frequency among patients,
and roughly 100 of these peaks were identified [40,41]. About
20-30% of the identified proteins had been reported in earlier stud-
ies, and the remaining 70~-80% were newly found to be associated
with the corresponding cancer [40,41]. The results showed that this
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analytical system is reliable as well as quite useful to discover novel
biomarker proteins. Compared to earlier proteome studies using
a 2D-gel method, higher molecular weight proteins and basic pro-
teins were predominantly identified in our method. More precisely,
17 proteins with molecular weight (MW) larger than 100 kDa and
six proteins with pI'> 10 were identified among 128 proteins in our
CRC analysis [41], whereas only two proteins with MW >100kDa
and no proteins with p/>10 among 168 proteins were reported
in two earlier CRC studies using a 2D-gel method [42,43] (Fig. 6).
This illustrates the advantage of our method compared to earlier
methods. Several proteins were further verified and validated by
Western blotting, RT-PCR and immunohistochemical (IHC) staining.

(C) 1000+
3 —
e s = S
g e el ;i" ;
2 aes, o W% "
E e o s. "' '.:

10 1 4

Fig. 6. Proteins identified by each method were plotted according to their predicted pl and molecular weight (MW). (A) NBS method [41], (B, C) 2D-gel method [42,43]. y-axis
is on a logarithmic scale. Areas corresponding to MW larger than 100 kDa and/or p/> 10 are highlighted in yellow.
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Fig. 7. Confirmation of the reliability of protein identification. The data used for protein identification were divided into two groups (72 for light-labeled and 66 for heavy-
labeled) and analyzed again by MASCOT MS/MS lons Search using both the usual SwissProt database and a decoy database. Search parameters used are as follows: trypsin
digestion allowing up to 1 missed cleavage, fixed modifications of NBS (W) (or NBS:13¢(6) (W)) and carbamidomethy! (C), variable modifications of oxidation (M), peptide
tolerance 0.3 Da, MS/MS tolerance of 0.5 Da, and restriction to peptides with sequences containing one or more tryptophan residues.
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Good reproducibility of this system was verified in the above
CRC study; correlation coefficients between the first and second
experiments were over 0.95 for all 12 specimens [41]. In addition,
reduction of analysis complexity by avoiding redundant identifi-
cation of peptides from the same protein was demonstrated; the
number of identified peptides was very close to the number of
identified proteins (Table 2). Such accuracy and simplification of
analysis are the essence of this method. In terms of protein iden-
tification, one may suspect some of the search results, because
most of the proteins were identified by only one peptide hit. How-
ever, the reliability of the protein identification was confirmed by
the absence of false-positive identification (p<0.05) using a decoy
database (Fig. 7).

Some differences between the results obtained from the NBS
proteome analysis and Western blotting analysis were attributed
primarily to differences between the methods {41]; the NBS method
is quite precise but only detects tagged peptides derived from whole
proteins, whereas Western blotting detects entire proteins, but with
less resolution and specificity, depending on the properties of the
antibodies utilized. It is necessary to combine NBS analysis withIHC
staining, as NBS analysis alone provides no information about the
localization of detected proteins. Therefore, combination of the NBS
method with other complementary analyses is needed to extract
the maximum amount of information from the obtained data.ltis
important to fractionate samples before NBS analysis toincrease the
number and dynamic range of detected peptides|[41}]. This approach
has been described in a paper on serum glycoproteome profiling in
lung cancer [44]. Here, utilization of the NBS method combined
with immunodepletion of six abundant proteins and lectin col-
umn selection led to successful detection of interleukin-12 (IL-12),
which is an extremely low-abundant protein in serum. The NBS
method has also been effectively used in combination with the reg-
ular 2-DE method to find drug-responsive proteins using a breast
cancer cell line [45]. In this report, fine discrimination and accu-
rate quantitation of two proteins that co-migrated as one spot were
demonstrated by using the NBS method. When a conventional 2-
DE/MS method was used, it was difficult to evaluate this spot as two
proteins and thus the ratio of protein abundance was also reported
incorrectly.

7. Conclusions and future aspects

Compared to other quantitative proteome methods, the NBS
method has a unique aspect of tryptophan tagging, which is com-
bined with an analytical system and optimized to detect less
abundant proteins. We believe that this systern has potential to dis-
cover novel disease-related proteins; this has already been achieved
to a certain degree, as described in the previous section. How-
ever, the proteins identified here are just biomarker “candidates”.
They are now under evaluation for possible use as clinical diag-
nostic markers, using sera from both cancer patients and healthy
volunteers. There are numerous such disease-related candidates
awaiting further validation [46]. We must consider by what means
and how to validate these biomarker candidates and determine how
they will be used. Detailed analysis of each protein identified is
needed as well. ELISA (enzyme-linked immunosorbent assay)isone
of the most promising and powerful techniques used to screen for
biomarker availability [47]. It has been used widely and intensively,
but it is time-consuming and costly to establish reliable systems.
Development of a novel technique with both sensitivity and speci-
ficity, either alone or in combination with other techniques, could
offer valuable shortcuts. For example, a multiplex protein detec-
tion method with high sensitivity and specificity was used for
biomarker validation: it combined oligonucleotide primer-tagged
antibodies with real-time PCR and DNA manipulation techniques
[48]. Another promising MS measuring technique is multiple reac-

tion monitoring (MRM): this has been increasingly used for data
validation and is now being applied to clinical diagnoses [49,50].
The utilization of MS for these types of applications, as well as for
biomarker candidate discovery, will open up new possibilities for
clinical applications.

In any case, our primary goal is to discover practical biomarlers
for clinical applications from the lists of candidate proteins identi-
fied using the NBS method. Achievement of this goal will constitute
an important contribution to human welfare,
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A new approach for detecting C-terminal amidation
of proteins and peptides by mass spectrometry

in conjunction with chemical derivatization
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We describe a mass spectrometric method for distinguishing between free and modified
forms of the C-terminal carboxyl group of peptides and proteins, in combination with
chemical approaches for the isolation of C-terminal peptides and site-specific derivatization of
the C-terminal carboxyl group. This method could most advantageously be exploited to
discriminate between peptides having C-terminal carboxyl groups in the free (COOH) and
amide (CONH,) forms by increasing their mass difference from 1 to 14 Da by selectively
converting the free carboxyl group into methylamide (CONHCHj). This method has been
proven to be applicable to peptides containing aspartic and glutamic acids, because all the
carboxyl groups except the C-terminal one are inert to derivatization, according to oxazolone
chemistry. The efficiency of the method is illustrated by a comparison of the peaks of
processed peptides obtained from a mixture of adrenomedullin, calcitonin, and BSA. Among
these components of the mixture, only the C-terminal peptide of BSA exhibited the mass shift
of 13 Da upon treatment, eventually unambiguously validating the C-terminal amide struc-
tures of adrenomedullin and calcitonin. The possibility of extending this method for the
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analysis of C-terminal PTMs is also discussed.
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1 Introduction

One of the most important subjects in proteomics is to
identify PTMs characterizing a majority of mature proteins,
which are biological entities having various cellular func.
tions that are not anticipated by genomic information.
Owing to its rapidly improving performance, mass spec-
trometry has been the method of choice for protein/peptide
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analysis. The development of experimental techniques for
protein sequencing by mass spectrometry has led to the
discovery of a variety of PTMs occurring at the N-termini of
proteins, as well as in amino acid side chains. For example,
it has been estimated that 30-80% of mature proteins in
eukaryotes are subjected to N-terminal acetylation [1, 2). In
contrast, the C-terminal carboxyl group is usually free from
such modifications with a very few exceptions, which
include amidation in relatively small peptide hormones (3]
and derivatization with glycosyl phosphatidylinositol for
anchoring the modified proteins to cell membranes [4-6]. In
particular, C-terminal amidation is very difficult to detect
because the mass difference between the carboxyl and
carboxamide groups is only 1Da. A most unfortunate
situation could arise when a protein has asparagine (Asn) or
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glutamine (Gln} at the C-terminus, whereby it is impossible
to discriminate between the corresponding amide forms of
aspartic acid (Asp-NH,) and glutamic acid (Glu-NH,), unless
an additional chemical or enzymatic approach is imple-
mented. In view of such a technical difficulty in detection, it
might not be too suspicious to speculate that at least a small
proportion of mature proteins could bear C-terminal modi-
fication without having been identified as yet.

As is the general case with PTMs, a protein presumed to
have a particular type of C-terminal modification can be isolated
or enriched by a spedifically designed scheme based on either
affinity chromatography or enzyme treatment. The RIA is
widely used for the detection and quantification of C-terminal
amidated peptides, which amount to more than half of the
known neural and endocrine peptides {7). Immunoprecipitation
targeting of bioactive peptides with particular amino acid
sequences including the C-terminal amide group has made it
possible to identify two novel amidated peptides [8]. However, a
higher specificity of the method for analyzing the C-terminal
modification imposes a narrower range of target proteins, thus
severely limiting the applicability of the method. Probably, the
most reliable method for distinguishing between free and
modified carboxyl groups at the C-terminus of a protein is by a
chemical or enzymatic approach.

We suggest here a chemical method for detecting PTMs
at the C-termini of peptides and proteins, utilizing a tech-
nique for the isolation of the C-terminal peptides [9] in
combination with a reaction for selectively derivatizing the
C-terminal carboxyl group according to oxazolone chemistry
[10, 11]. The scheme for C-terminal derivatization is speci-
fically designed to convert the free C-terminal carboxyl
group into methylamide (CONHCHj;), increasing the mass
of the peptide by 13 Da, while peptides possessing the amide
(CONH,} group remain unchanged (Fig. 1). Because an
oxazolone is formed solely at the C-terminus, the existence
of free carboxyl side chains of Asp and Glu does not affect
the performance of the present method. The relatively low
yield of the reaction conducted in the manner of the original
protocol {11] is improved to the extent that the methyl-
amidated peptide can be detected as a MALDI peak
appearing at a higher mass value by 13 Da than that of the
original peptide, with more than comparable intensity in the
mass spectrum. This should make it easier to distinguish
between peptides with the free C-terminal carboxyl group
and those with the post-translationally modified C-terminal
carboxyl group, based on the presence or absence of an
additional MALDI peak.

In this report, we present a new approach for detecting
C-terminal amides in proteins and peptides by mass
spectrometry.

2 Materials and methods

BSA, acetic anhydride {Ac,0), 40% methylamine solution
(w/w, aqueous), and iodoacetamide were obtained from

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Sigma-Aldrich (St. Louis, MO, USA). Human adrenome-
dullin, human calcitonin, VYIHPF, and WMDE-NH,
were purchased from the Peptide Institute (Osaka, Japan).
Tris-(2-carboxyethyl)phosphine hydrochloride and succini-
midyloxycarbonylmethyl Tris(2,4,6-trimethoxyphenyl)phos-
phonium bromide (TMPP-Ac-OSu) were obtained from
Fluka (Switzerland). Lysyl endopeptidase (LysC), ACN,
2-propanol, formic acid, pentafluorophenol (Pfp-OH), and
TFA were purchased from Wako Pure Chemical Industries
(Osaka, Japan). CHCA (high-purity mass-spectrometric
grade) was obtained from Shimadzu GLC (Tokyo, Japan).
TNVGSEAF-NH; and PVTL-OCH; were obtained from
Bachem AG (Switzerland). HPTFD-NH,, SFLLRN-OH,

H N2

H N-mmmssemCOOH  NH,

NH
: Hmw@wou
NHy COOH
HszécOOH szamconnz
isolation of 1. TMPP-Ac-OSu
C-terminal peptide(s) 2. DIfCglass

TMPP-Ac-NHRzmz=%2 COOH TMPP-Ac-NHmm-CONHZ

Derivatization of C-terminal 1. HCOOHAc,O/Pfp-OH
free carboxyi group(s) 2. CH;NH,

TMPP-Ac-NHemmxo™ =58 COOH

TMPP-Ac-NHamet™ e CONH,

TMPP-Ac-NHsmzos™2. CONHCH,

Figure 1. Scheme depicting the isolation of C-terminal peptides
and subsequent procedure to distinguish between peptides with
C-terminal amide (CONH,) as an example of PTM and those with
the ordinary free carboxyl group (COOH). C-Terminal peptides of
proteins are prepared, as reported previously {9]. At the last step
of the procedure, C-terminally modified peptides are inert to the
reaction to derivatize the C-terminal-free carboxyl group, which
is selectively converted to the methylamide according to the
oxazolone chemistry [11]. The difference in the chemical form of
C-termini can be discerned by the presence of or absence of
mass shift resulting from the derivatization. Owing to the
general incompleteness of the derivatization of the free C-term-
inal carboxyl group with methylamine, the resulting preparation
exhibits a doublet peaks in mass spectrum separated by 13Da
corresponding to the difference in mass of COOH and CONHCH,
groups.

www.proteomics-journal.com
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TTSFAE-NH,, and ALEGSLQ-OH were purchased from
Operon Biotechnologies, K.K. (Tokyo, Japan). The p-pheny-
lenediisothiocyanate glass used in this study was prepared
in house according to the method of Wachter et gl. (12},
using aminopropyl glass (average pore size 170 A, 200-400
mesh, amine content: 162 pmol/g) obtained from Sigma.
Methanediphosphonic acid (MDPNA) was obtained from
Tokyo Chemical Industry (Tokyo, Japan)., Water used in all
the experiments was purified using a MilliQ water purifi-

4065
cation system. All other chemicals were of analytical reagent
grade and were used without further purification.

2.1 C-Terminal amidation
C-Terminal peptides (20 pmol) were prepared from proteins

or peptides, as reported previously [9]. The isolated TMPP-
Acmodified C-terminal peptides were purified with ZipTip

% Int
A 100 3 1476
1 TMPP-Ac-PVTL-OCH,
2 TMPP-Ac-WMDF-NH,
801 3 TMPP-Ac-VYIHPF-OH
4 TMPP-Ac-TNVGSEAF-NH,
60
40 2
1 1169.2
20 1015.3 4
1395.6
o WY -
800 1000 1100 1200 11300 1400 1500
m/iz
B %t 1267
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40 1
10146 3
10t 1360.8
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2 1347.181
o L .
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90
80
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70

803 TMPP-Ac-VYIHPF-OH
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Figure 2. MALDI-TOF mass spectra
of a four-peptide mixture (PVTL-
OCH;, WMDFE-NH,, VYIHPF-OH,
and TNVGSEAF-NH,): (A) TMPP-Ac
modification; (B) methylamidation;
7 and (C} enlarged view of peptides 3
and 4 after methylamidation:
peptide 3 (TMPP-Ac-VYIHPF-OH)
having free C-terminal carboxy!
group is converted to its methyla-

3
1320 1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430
miz
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mide (TMPP-Ac-VYIHPF-NHCH,).
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and dried using a vacuum concentrator, Next, 12uL of
HCOOH-Ac,0-Pfp-OH mixture (1:1:1 in volume) was
added to the resulting dried peptides, and the mixture was
incubated for 20min at 60°C, followed by evaporation to
dryness using a vacuum concentrator. The dried material
was dissolved with 14 uL of a 5:2-mixture of toluene and Pfp-
OH, and dried again. Ten microliter of 40% (w/w, aqueous)
CH3NH»-ACN (1:9) was then added to the resulting
peptides; the mixture was subsequently sonicated for 10 min
and left standing for 20 min. For mass analysis, an aliquot
(1 pL) was acidified with aqueous TFA solution and purified
with ZipTip.

2.2 MALDI-TOF MS

MALDI mass specira were recorded on AXIMA CFR-
plus or AXIMA TOF? (SHIMADZU/KRATOS, Manchester,
UK) reflectron time-of-flight mass spectrometers equipped
with a nitrogen laser (337nm, 3ns pulse width). All
measurements were performed in the positive-ion reflectron
mode. The ion acceleration voltage was set to 20kV,
and the reflectron detector was operated at 24kV. The flight
path in the reflectron mode is 240 cm for both instruments.
For the MS/MS experiments, CID was carried out using
helium at a pressure of ca. 5 x 10~® mbar in the collision cell.

The matrix used in this experiment was CHCA, which
was dissolved to saturation in 50% aqueous ACN containing
0.05% TFA. We used MDPNA, which has been proven
useful for MALDI analysis of salt-containing samples, as a
matrix additive [13]. MDPNA was used as 1-2% aqueous
solution. An aliquot (0.4uL) of the sample solution was
mixed with an equivalent volume of matrix sclution and
matrix additive solution on the MALDI target plate and
analyzed after drying.

The m/z values in the spectra were externally calibrated
with angiotensin II (human) and ACTH fragment 18-39
(human) using CHCA as a matrix.

3 Results and discussion
3.1 Amidation of model peptides

C-Terminal-specific amidation reaction and its side reac-
tion(s) were investigated using peptides VYIHPF-OH,
TNVGSEAF-NH,, WMDE-NH,, and PVTL-OCH;. A mixture
of four peptides (20 pmol each) was processed as follows: (i)
N%modification with TMPP-Ac-OSu (Fig. 2A), (ii) selective
activation of C-terminal carboxyl group to the active ester
through oxazolone, and (iif) amidation with methylamine
(Fig. 2B). In principle, this process should cause peptides
with the free C-terminal carboxyl group to increase in mass
by 13 Da, while causing no change in mass for those modi-
fied at the C-termini. Owing to the incomplete C-terminal
amidation, a new peak of TMPP-Ac-VYIHPF-NHCH; arose

© 2009 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim
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at the higher mass value by 13 Da, along with the original one
for TMPP-Ac-VYIHPF-OH (Fig. 2C). The formation of
TMPP-Ac-VYIHPF-NHCH; was confirmed by de novo
sequencing of the resulting peak by MS/MS in CID mode
(Fig. 3). As expected, the C-terminally amidated peptide
(TMPP-ACTNVGSEAF-NH,) remained intact through
C-terminal activation and methylamidation (Fig. 2C).

In the mass spectrum of peptide TMPP-Ac-WMDF-NH,
containing aspartic acid along with the Cterminal amide
and having been submitted to the reaction, no peak indi-
cating amidation of the side-chain carboxyl group of aspartic
acid appeared. As is the case with aspartic acid, the side-
chain carboxyl group of glutamic acid has also proved to be
virtually inert to methylamidation in this protocol (TMPP-Ac-
TNVGSEAF-NHj in Fig. 2C). Thus, the Cterminal and side-
chain carboxyl groups have been distinguished successfully.

A few marginal peaks of byproducts or artifacts were
detected, while this peptide has no Cterminal carboxyl group to
be methylamidated (Fig. 2B). Observation of peaks at m/z
1185.5 (+16 Da) and m/z 1201.6 (+32 Da) is consistent with the
possible oxidation of methionine to its sulfoxide and sulfone
forms. Although tryptophan is also susceptible to oxidation, the
appearance of peaks at m/z 1213.6 (+16+28Da) and m/z
1227.5 (+16 x 3Da) suggests that formylation (+28) might
have occurred in preference to oxidation (Fig. 4B). The latter
peak could correspond to the peptide incorporating two oxygen
atoms in methionine and one in tryptophan. These reactions are
predictable [11] and dearly distinguishable from the desired one,
allowing for the shift of mass values. Under the present reaction
conditions, the o- and eamino groups are also formylated.
However, the TMPP-Ac derivative of isolated C-terminal peptide
is devoid of these amino groups, thus causing no problem (9],

In the peptide TMPP-Ac-PVTL-OCHj;, the C-terminal
methyl ester was found to undergo hydrolysis and amino-
lysis simultaneously to give TMPP-Ac-PVITL-OH with the
signal at m/z 1001.6 and TMPP-Ac-PVTL-NHCH; with that
at m/z 1014.6 as shown in Fig. 4A. However, it is possible
that the methyl-amidated peptide occurred via a sequential
reaction of hydrolysis and amidation is not excluded.

%int.

:
100 13519
ag ap ay ay
80 { TMPP-Ac| V Y [ H P+F
&0
40
824 -

20 s34 2084 24.0 1061.8 WM-CONHMe

571.9 da 13036

dy
A 6289 A 347
[

500 600 700 800 900 vz 1000 1100 1200 1300 1400

Figure 3. MALDI-CID spectrum of peptide 3 methylamide deri-
vative {TMPP-Ac-VYIHPF-NHCH,).
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formylation of amino and hydroxyl groups. If necessary, the
mass of methylamine may be altered by isotopically labeling
any atom(s) to further accentuate the distinction between
the amide and free carboxyl forms of the C-termini, of which
masses intrinsically differ as little as 1 Da. With such versatility
in the choice of reagent with varied mass values, the present
method should be applicable to de novo amino acid sequencing
of any kind of PTM to occur at the C-termini. Although the
additional task of C-terminal derivatization may reduce the
throughput of the original protocol [9], this method has a
practical feasibility for identifying C-terminal PTMs with high
fidelity, which has usually been very difficult to attain,

4 Concluding remarks

The development of a chemical method for detecting C-term-
inal PTMs of peptides and proteins is described. The method
is based on oxazolone chemistry, which enables the specific
derivatization of the C-terminal-free carboxyl group to, for
example, methylamide by reaction with methylamine, while
leaving the side-chain carboxyl groups unchanged. One of the
most promising applications of this method is to detect and
characterize C-terminally amidated peptides and proteins
because the small mass difference of 1 Da between masses of
the free carboxyl group and its amide is expanded to 14 Da due
to the conversion of the carboxyl group to the corresponding
methylamide. The C-terminal amide structures of adrenome-
dullin and calcitonin are unambiguously discriminated from
the free C-terminus of BSA. The efficacy of this method is
such that it can determine even the isobaric variations in
C-terminal structures corresponding to 132 Da (Asp-NH, and
Asn-OH) and 146 Da (Glu-NH; and GIn-OH). These features
suggest that the present method has a wider applicability
to determine the existence or nonexistence of PTMs at the
C-termini of peptides and proteins.

The authors have declared no conflict of interest.
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Figure 8. MALDI-TOF mass spectra of protein/peptide mixture:
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adrenomeduliin {(m/z 1235.5), and calcitonin (m/z 2014.0). (B)
Methylamidation converts the C-terminal peptide from BSA to
its methylamide form, whereas the other two peptides are intact.
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any change in mass, while C-terminal peptide from BSA
underwent methylamidation properly to give TMPP-Ac-
LVVSTQTALA-NHCH;, the molecular mass of which is
higher than that of the C-terminally free precursor by 13 Da.
Figure 8B depicts the MALDI mass spectrum of the mixture
of TMPP-Ac-ISPQGY-NH, from adrenomedullin and TMPP-
AcFHTFPQTAIGVGAP-NH, from calcitonin thus proces-
sed. The identity of TMPP-Ac-LVVSTQTALA-NHCH,
derived from BSA was confirmed by tandem mass spectro-
metry (Fig. 9). Each of these isolated peptides contains a few
hydroxyl groups of serine, threonine, or tyrosine, where
formylation can occur concomitantly with the activation of
the C-terminus to oxazolone in the mixture of formic acid
and acetic anhydride. However, no formylation was detected
in these peptides, probably because the hydroxyl groups could
be restored by aminolysis of the formate during the reaction
with methylamine [11].

3.4 Reagents and improvement of protocol for
future development

We chose to employ methylamine for amidation of the
C-terminal carboxyl group, because it is the simplest alkyla-
mine that is least likely to suffer from any steric hindrance to
the reaction with the activated C-terminal carboxyl group. In
addition, it can be used in large excess with the peptides to be
amidated, due to its high solubility in any solvent. This is
particularly important to suppress hydrolysis, which could
lower the yield of methylamidation; there is the risk of
reporting false-positive results in the mass spectra when the
yield of the reaction is very poor or negligibly low. Methyla-
midation of a carboxylic acid is accompanied by an increase in
the molecular mass by 13 Da, making it easier to discriminate
from the mass shift caused by other side reactions such as
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twice (at the initial and final steps of C-terminal activation)
so that the undesirable hydrolysis of oxazolone or active
ester could be suppressed. Although the yield of amidation
appeared to become higher by increasing the propottion
of A0 in the reagent (e.g. HCOOH-AGO0-Pfp-OH = 1:1:1,
1.3:1, 1:5:1, etc), the specificity of methylamidation to the
C-terminal carboxyl group was adversely affected (data not
shown). This was possible because the side chains of aspartic
acid and glutamic acid can be activated due to the formation of
mixed anhydride with acetic acid, allowing methylamine to
react with the activated side-chain carboxyl group as well
as the acetyl group of the mixed anhydride (Fig. 6). In the
proper condition of 1:1 mixture of formic acid and acetic
anhydride, acetic anhydride is almost completely converted
to formic acetic anhydride, which then reads with any
carboxyl group to form the mixed anhydride with formic
acid in preference to that with acetic acid. It is far less likely
that the resulting mixed anhydride with formic acid
leads the side-chain carboxyl group to be amidated. Therefore,
the modest yield in the range of 60-70% is suffident
to distinguish between the free and modified C-terminal
catboxyl groups, according to the appearance of MALDI
mass peak(s) in a single spectrum. Given the recognition
of the peak of interest, the MS/MS Cerminal amino
acid sequencing of the peak would follow for the identifica-
tion of the peptide and the characterization of C-terminal
modification.

3.3 Amidation of the model protein and large
peptides

To test the applicability of the method to proteins or large
peptides, we tried to isolate and characterize the C-terminal
peptides by using a mixture of BSA, human adrenomedullin,
and human calcitonin (10pmol each). Of these .samples,
adrenomedullin (52 amino acid residues; 6028 Da) has Ty
NH,, and calcitonin (32 amino acid residués; 3417 Da) has
Pro-NH, at the C-termini, distinguished from BSA having
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Figure 7. MALDI-TOF mass spectra of the protein/peptide
mixture containing BSA, human adrenomedullin, and human
calcitonin: (A) LysC digest and (B) TMPP-Ac modification.

the free Cterminal carboxyl group. The mixture was subjec-
ted to LysC digestion, followed by N-terminal modification
with TMPP-Ac-OSu and isolation of C-terminal peptides by
the treatment with p-phenylenediisothiocyanate  glass,
according to the standard protocol [9]. MALDI mass spectra
recorded at each step of the procedure are indicated in Fig. 7.
Owing to the absence of free carboxyl groups at their
C-termini, neither the C-terminal peptide derived from
adrenomedullin nor that derived from calcitonin indicated
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Figure 4. Peptides 1 and 2 after methylamidation: enlarged
spectra from Fig. 2B. (A) peptide 1 (TMPP-Ac-PVTL-OCH3) and
(B) peptide 2 (TMPP-Ac-WMDF-NH.,).

Regardless of the course by which the ester has been
converted to the amide, any kind of ester could be analyzed
in this manner by assuming the same reactions and results.

3.2 Discrimination between the C-terminal and side-
chain carboxyl groups

As we presumed in the Introduction, in the unfortunate
situation in which the C-terminus of a peptide is Asn-OH/
GIn-OH or amidated Asp-NH,/Glu-NH,, it is impossible to
discriminate between these isobaric residues by mass spec-
trometry alone, However, the present method can achieve the
requisite discrimination by causing a mass shift by +13 Da for
peptides having free Asn or Gln at the Cterminus through
methylamidation, but no change for those with C-terminal
amide. We further investigated the validity of this approach
using two pairs of model peptides: HPTFD-NH,/SFLLRN-OH
and TTSFAE-NH,/ALEGSLQ-OH. As expected, the peptide
derivatives TMPP-Ac-HPTFD-NH, and TMPP-Ac-TTSFAE-
NH, containing the amide form of aspartic and glutamic
acids at their C-termini remain intact after methylamidation,
whereas  C-terminal-free TMPP-Ac-ALEGSLQ-OH  and
TMPP-Ac-SFLLRN-OH are converted to the corresponding
methylamides with the increment of mass value by 13Da
(Figs. SA and B). An additional peak accompanied to
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Figure 5. Methylamidation of two pairs of peptides: {(A) TMPP-
Ac-TTSFAE-NH,, TMPP-Ac-ALEGSLQ-OH and (B} TMPP-Ac-
HPTFD-NH,, TMPP-Ac-SFLLRN-OH. Peptide having Asn (N) or
GIn {Q) at the C-terminus is converted to its methylamide
(+13Da), whereas peptide incorporating the amide form of
aspartic acid (D) or glutamic acid (E) is intact.

that of TMPP-Ac-HPTFD-NH, (Fig. 5B-2) seems to arise
from the formylation (+28 Da) of the histidine or threonine
residue during methylamidation. Nevertheless, no confusion
due to the side-chain formylation might be imposed
on the discrimination of peptides entailing this isobaric
ambiguity.

The efficiency of our method for the detection of C-terminal
amide and the discrimination between the Cterminal and
side-chain carboxyl groups depends on the yield of methyla-
midation, which was usually incomplete so that the yield was
60-90%, as roughly estimated from the signal intensities of
several pairs of peaks separated by 13 Da each (Figs. 2B, 5A-2,
5B-2, and 8B). Fortunately, this incompleteniess of the
reaction is advantageous for detecting the prospective
single peak of C-terminal peptide amides not exhibiting
the mass shift of 13 Da, which could otherwise be discerned
as the appearance of a pair of peaks that signify the
existence of a C-terminal-free carboxyl group. In this study,
we slightly modified the original protocol [10, 11} to
increase the yield of methylamidation by adding Pfp-OH

www.proteomics-journal.com
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A novel method for selectively labeling and isolating N-terminal peptide from protein has been devel-
oped. An N*-amino group of protein was converted to a carbonyl group through transamination reaction
and the resulting carbonyl group was modified with 0-(4-nitrobenzyl)hydroxylamine (NBHA). After pro-
teclytic digestion using Grifola frondosa metalioendopeptidase (LysN), the modified N-terminal peptide

remained unbound in the following treatment using amino-reactive p-phenylenediisothiocyanate (DITC)
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glass, whereas peptides other than the N-terminal peptide were effectively scavenged from the superna-
tant solution. The modified N-terminal peptide was thus successfully isolated and sequenced by matrix-
assisted laser desorptionfionization tandem mass spectrometry (MALDI-MS/MS) analysis.

© 2009 Elsevier Ltd. All rights reserved.

Protein identification using mass spectrometry is a key technol-
ogy in proteome research. In the conventional approach, such as
peptide mass fingerprinting (PMF), target proteins are enzymati-
cally or chemically digested into peptide fragments and measured
mass values are compared with theoretical ones calculated from
genome or protein databases.! Therefore, the exact state of mature
proteins is not always determined; the mature protein sequence
may often differ from that translated from its DNA sequence due
to processes such as splicing and shuffling of mRNA, and/or the
various post-translational modifications (PTMs). For conducting
further study in depth on each protein identified by conventional
proteome analysis, more detailed information about the exact ami-
no acid sequence and PTMs of mature proteins from N-terminus to
C-terminus has been highly desired.

Mass spectrometry has become a major tool in protein and pep-
tide analysis and various methods have been developed and applied
to actual samples.>* However Edman sequencing is still the only
conventional method for determining the N-terminal sequence, This
method lacks generality, in that it cannot perform sequencing of
N-terminally capped protein. Therefore, methodology using MS for
both N- and C-terminal sequence analysis has been intensively stud-
ied for general and practical applications.*-10

We have been developing methods for isolating N- and C-termi-
nal peptides from a peptide mixture of digested proteins and
sequencing the isolated terminal peptides by MS.5° In our review
(in press), we proposed that this scientific field be termed ‘terminus

* Corresponding author. Tel./fax: +81 6 6879 4320.
E-mail address: osamu_nishimura@protein.osaka-u.ac.jp (0. Nishimura).

0960-894X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2009.10.044

proteomics.’"” In this study, we focused on the characteristic reactiv-
ity of metal-ion catalyzed transamination reaction,'® which one of
the authors{0.N.) had used for removing the N-terminal methionine
residue from recombinant proteins produced from Fscherichia
coli.*'* This reaction selectively converts the N%-amino group
(N®-NH,) of peptides or proteins into a carbonyl group, whereas
the coexisting N®-amino group (N®-NH,) of lysine residue is keptin-
tact. Reactions that selectively modify N®NH; or N®-NH, have often
been utilized to isolate N- or C-terminal peptides from proteolytic
digests; however, the selectivity is hardly obtained in general. The
high selectivity of transamination reaction for N®-NH, encouraged
us to investigate its feasibility for isolating terminal peptides and
we successfully developed a new method for C-terminal sequencing
analysis using this transformation.’® Here, we report an application
of transamination reaction to N-terminal analysis, which was
achieved by changing the enzyme used fordigestion and by optimiz-
ing the procedure,

In the previous C-terminal analysis, proteins were first digested
with lysylendopeptidase (LysC). LysC cleaves peptide bonds at the
carboxyl side of lysine residues (-Lys-|-Xaa-) to yield mainly pep-
tides having N*-NH, and N°-NH; at both ends; however, C-termi-
nal peptides have only N*NH, Subsequent transamination
reaction converts the N%-NH;, to a carbonyl group; thus, incubation
with amino-reactive p-phenylenediisothiocyanate (DITC) glass
effectively scavenges N®-NH,-containing peptides (peptides other
than the C-terminal one). The recovered C-terminal peptide is open
to modification with various nucleophilic reagents, such as hydra-
zine and hydroxylamine. We used 2,4-dinitrophenylhydrazine
(DNPH), which demonstrated signal enhancement in MS analysis.
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In studying the C-terminal analysis employing a transamination
reaction, we envisioned extending the method to N-terminal analysis
by using Grifola frondosa metalloendopeptidase (LysN),'>""7 which
cleaves proteins at the amino side of lysine residues, instead of LysC,
as described in the previous report.® In addition, the protocol was
changed so that a sample protein was first subjected to transamina-
tion and modification of the resulting carbonyl group, which
facilitated the easy purification of the modified protein by simple
gel filtration or ultrafiltration. Transamination reaction has been
applied to proteins as well as peptides.'>'®% Thus, the procedure
for N-terminal analysis was optimized (Scheme 1). The procedure
consists of the following five steps: (1) transamination of proteins,
(2) modification of the resulting carbonyl group through oxime for-
mation, (3) LysN digestion, (4) treatment with DITC glass, and (5)
MALDI -MS and MS/MS analysis. In this paper, sample proteins are
transaminated and modified with O-(4-nitrobenzyl)hydroxylamine
(NBHA)at their N-termini.’ NBHA has a nitrobenzene moiety as well
as DNPH, which would be expected to increase sensitivity in MALDI-
MS analysis by combining a matrix system developed for sensitive
detection of 2-nitrobenzenesulfenyl(NBS)-modified peptides.?? LysN
cleaves peptide bonds at the amino side of lysine residues (-Xaa-}-
Lys-). After LysN digestion, the modified N-terminal peptide contains
no amino group. Amino-reactive DITC glass scavenges the peptide
fragments other than the N-terminal peptide, and the target peptide
is left unreacted in the supernatant. Thus recovered N-terminal pep-
tides are analyzed by MALDI-MS and MS/MS.
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Two model proteins, bovine a-lactalbumin (o-1a) and bovine B-
lactoglobulin (B-Ig), were chosen for testing the protocol. Proteins
were transaminated in 10% pyridine containing 0.2 M glyoxylic
acid, 6 mM CuSOy, and 2 M urea. It was reported that the transam-
ination reaction proceeded as well in the presence of urea.’>™
Reaction time was set to 1 h, based on the results of our prelimin-
ary experiments using some peptides incorporating a different res-
idue at their N-termini (data not shown). The reaction mixture was
then subjected to a buffer exchange into 100 mM phosphate (pH
6.0) containing 2 M urea by ultrafiltration. Subsequent modifica-
tion with NBHA was performed in 100 mM phosphate (pH 6.0)
containing 50 mM NBHA-HCl and 2 M urea for 2 h at 37 °C. After
a buffer exchange into 50 mM NaHCO; containing 2 M urea by
ultrafiltration, disulfide bonds were reduced with tris(2-carboxy-
ethyl)phosphine hydrochloride and the resulting free sulfhydryl
groups were alkylated with iodoacetamide. LysN digestion was
then performed at an enzyme-to-substrate ratio of 1:40 at room
temperature for 15 h.° The upper panels in Figure 1 depict MAL-
DI-MS spectra®® after LysN digestion (Fig. 1a for o-la and Fig. 1c
for B-lg), in which the modified N-terminal peptides (indicated
by arrows) were detected among the peptide fragments as a so-
dium adduct ([M+Na]": 661.3 from o-la and [M+Na)*: 976.5 from
f-1g). When peptides containing a nitrobenzene moiety are ana-
lyzed by MALDI-MS, they are often accompanied by peaks with a
16 Da decrease probably due to splitting off of the oxygen atom
from nitro group.?? In both spectra these peaks were detected
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Figure 1. MALDI-MS spectra of peptide fragments of model proteins after LysN digestion ((a) ot-lactalbumin, (c) p-lactoglobulin) and after treatment with DITC glass ((b) o-
lactalbumin, (d) p-lactoglobulin.). Arrows indicate the modified N-terminal peptides of each protein. An aliquot (3 pmol of digest) was loaded onto the target plate,
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and aided in discriminating the modified N-terminal peptides from
the other peptide fragments even before the isolation step.

The LysN digest was then treated with DITC glass.>?* An aliquot
of the digest (30 pmol) was added to pre-washed DITC glass. After
2 h incubation at 60 °C, the supernatant was directly analyzed by
MALDI-MS. We employed a mixture of o-cyano-4-hydroxycin-
narnic acid (CHCA) and 3-hydroxy-4-nitrobenzoic acid (3H4NBA)
as a binary matrix system, which was used for sensitive detection
of NBS-modified peptides and was shown to be applicable to pep-
tides containing a nitrobenzene moiety.?>?° The lower panels in
Figure 1 illustrate the MALDI-MS spectra after the DITC treatment
(Fig. 1b for a-la and Fig. 1d for p-1g). Each N-terminal peptide was
singly recovered ([M+H]": 639.3 from o-la and [M+H]": 954.5 from
B-1g). In this experiment, these modified N-terminal peptides
needed 3H4NBA as a matrix for the detection, the usefulness of
which was also demonstrated in this case.

The isolated N-terminal peptides were subjected to MALDI-MS/
MS analysis in the post-source decay (PSD) mode. The amino acid
sequences of the peptides were analyzed using the observed frag-
ment peaks (Fig. 2a for a-la and Fig. 2b for p-lg).

For N-terminally acetylated proteins, the method described
here can be employed for N-terminal analysis because the N-ter-
minal acetyl group is not affected in the transamination reaction
(data not shown) and the acetylated N-terminal peptide after LysN
digestion is free from the amino group. Studies in the case of N-
blocked proteins were described in the previous reports.38926

In the present study, we developed N-terminal analysis of pro-
teins through transamination reaction. The method was applied to
two model proteins, and successful isolation and sequencing of the
N-terminal peptides were demonstrated. This method can not be

100 N {

90
80 CIHz
70 §He

..... 06.4

OZN-Q-CHZ O-N=G-C QJLJT 4

60 [¢]
50 5188
40 621.2
a0
Y2

20 2325

10

50 100 150 200 250 300 350 400 450 500 550 600 650
mz

853.9
100, )

90 GH, CH,
N/

80 GH
cH

70 o,N-O-CHfo—N:(':—zﬁ- UV ﬁ')Q J'I' JM bs i
60 0 7055

50
40
303
20

Figure 2. MALDI-MS/MS spectra (PSD mode) of the isolated N-terminal peptides of
model proteins. (a) a-lactalbumin, (b) p-lactoglobulin.

used for some proteins (e.g., proteins containing N-terminal pro-
line) because of limited reactivity for transamination.’®?’ How-
ever, an o-carbonyl of N-terminal ketoacyl group generated after
transamination reaction can react with various types of nucleo-
philic reagents, and virtually any functionality can be introduced
into the N-terminus of the peptide. This flexibility is advantageous
for the MALDI-MS analysis of terminal peptides whose sensitivity
largely depends on its amino acid composition, size, and modifica-
tion states.
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