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Figure 7. MALDI spectra at each step during N-terminal
sequencing of spot No. 34 after 2D SDS-PAGE of the human
epidermoid carcinoma cell lysate. (a) MALDI-TOF MS spec-
trum after trypsin digestion. (b) MALDI-TOF MS spectrum of
the N-terminal peptides specifically isolated from the trypsin
digests. (c) MALDI-MS/MS spectrum of the N-terminal peptide.

or too short, N-terminal analysis by MALDI-TOF MS and
MS/MS may be carried out by using proteases with different
specificities, such as Glu-C and Asp-N. The sequences of
proteins in most publicly available databases correspond to
the sequences of precursor proteins, as translated directly
from cDNAs or from sequences in genome databases. They
therefore do not reflect post-translational modifications such
as protein processing and removal of initiator methionine
residues. To increase the number of hits in determining the
sequences of N-terminal peptides, it would be necessary to
update databases, e.g. by including sequentially N-termin-
ally trimmed Arg-C peptides.” Alternatively, search engines

Copyright © 2008 John Wiley & Sons, Lid.
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could consequentially search the possible modifications of
N-terminal sequences deduced from precursor (DNA)
sequences. Future methods to perform sequence analyses
of N-terminal peptides will include improved identification
of modified N-terminal residues. The method described in
this report could be combined with more massive protein
databases and more reliable search engines, providing
powerful tools for improved analyses of protein sequences.

CONCLUSIONS

We have developed a new method using MALDI-TOF MS to
determine N-terminal amino acid sequences of proteins,
regardless of whether their N-termini are modified. The
principle of this method is based on previously published
reports,”* but the method developed here represents a
significant improvement over earlier sequencing methods to
enable the selective isolation of unblocking or blocking of
N-terminal peptides for their de novo sequencing by MALDI-
TOF MS. It represents a significant advance towards a
universal method for N-terminal sequence analysis of
proteins, regardless of whether or not their N-termini are
blocked. This method is highly applicable to high-through-
put N-terminal analysis of proteins, because multiple
proteins can be analyzed in parallel. In this report we
applied the method to determine the N-terminal amino acid
sequences of 34 proteins that were chosen at random after 2D
SDS-PAGE of a human epidermoid carcinoma cell lysate.
Ten N-terminally acetylated and five unblocked proteins
were successfully identified. We expect that this method will
contribute to the improvement of databases used to
determine N-terminal sequences of proteins, including
N-blocked ones, which have proven difficult to determine
using standard methods.'”
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In proteomics, MS plays an essential role in identifying and quantifying proteins. To characterize
mature targel proteins from living cells, candidate proteins are often analyzed with PMFand MS/
MS ion search methods in combination with computational search routines based on bioinfor-
matics. In contrast 1o shotgun proteomics, which is widely used to identify proteins, proteomics
based on the analysis of N- and C-terminal amino acid sequences (terminal proteomics) should
render higher fidelity results because of the high information content of terminal sequence and
potentially high throughput of the method not requiring very high sequence coverage to be
achieved by extensive sequencing. In line with this expectation, we review recent advances in
methods for N- and C-terminal amino acid sequencing of proteins. This review focuses mainly
on the methods of N- and C-lenmninal analyses based on MALDI-TOF MS for its easy accessibility,
with several complementary approaches using LC/MS/MS. We also describe problems associated
with MS and possible remedies, including chermical and enzymatic procedures 1o enhance the
fidelity of these methods.
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1 Introduction

1.1 The value and information content of the N- and
C-termini of proteins

The native folded structure of a protein is dictated solely by
its covalent structure, that is, its amino acid sequence and
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PTMs. Because the characteristic three-dimensional struc-
ture is vital for the biological function of the protein, deter-
mining the primary amino acid sequences and PTMs of
proteins has been an important topic in the life sciences as a
means of understanding the complicated chemical reactions
performed within living cells. The amino acid sequence of
each protein is encoded by its corresponding gene, providing
proteomics researchers with one of the most reliable clues
for the idemtification of a protein of interest. However, it is
usually altered from that expected from the DNA sequence
alone, owing to splicing, shuffling, and processing of the
gene or mRNA [1]. Protein sequence databases with addi-
tional information about the N-terminal peptide of proteins

* Additional corresponding author Dr. Susumu Tsunasawa,
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allow efficient identification of protein isoforms involving
single nucleotide polymorphisms in the coding regions [2],
The datasets obtained by large-scale identification of N-ter:
minal peptides in the Halophilic archea, Halobacterium sali-
narum and Natr ph is, led to both the valida-
tion fimprovement of start codon assignments and the unra-
veling of N-terminal protein maturation in these archaea |3,
4.

After mRNA processing, the newly expressed proteins
may undergo a variety of PTMs catalyzed by, for example,
processing enzymes, acyl transferases, glycosylases, phos-
phatases, and kinases, which modify strictly specific sites
(Fig. 1). Additional PTMs include N-terminal methionine
excision |5), ubiquitination [6), membrane attachment of
proteins modified at C-terminal carboxyl groups with gluco-
syl phosphatidylinositol |7], and truncation of the C-terminal
part of a protein [8]. These PTMs are responsible for the final
maturation of proteins and are regarded as typical mechan-
isms for regulating protein functions and influencing stabil-
ity and activity. The stability of mature proteins is often
associated with N-terminal ubiquitination, which occurs as a
signal for initiating the degradation. Notably, approximately
one third of the nuclearencoded proteins starting with
unprocessed and unprotected methionine are at least one
order of magnimde less stable than proteins as a whole in
higher eukaryotes, as they are rapidly degraded afier N-ter-
minal ubiquitination [9]. Considering the main pathway of
protein maturation including N-terminal methionine exci-
sion, acetylation, and leader peptide removal, we could
expect that analysis of protein termini is very imponant for
the identification of targel proteins and 1o fully understand
protein functions in a given cell under a particular stage of

Proteomics 2008, 8, 673-685

physiological process. Furthermore, N-terminal sequence
may be closely associated with subcellular localization of
proteins [10]. Using Neterminal sequence information only, a
neural network-based tool discriminated between proteins
destined for distinct subcellular locations with a success rate
of about 85% [11]. Such a high score of prediction in terms of
genomics should, however, be checked by minutely compar-
ing with the N-terminal sequence of mature proteins so that
proteomics can appreciate the implication of the relationship
between N-terminal amino acid sequences and subcellular
distribution of proteins.

1.2 MS for the identification of proteins

Recent developments in MS and massive accumulation of
genomic databases have brought revolutionary changes to
the field of protein analysis with respect to both sensitivity
and throughput. Protein analysis with MS less suffers from
N- and C-terminal modifications, owing to its low depend-
ency on the chemical nature of terminal groups. The meth-
ods for the identification of proteins include “top-down™ and
“bottom-up™ (or “shoigun”) protcomics, using ESI- or
MALDI-MS to provide robust database search programs with
a complex set of mass data [12).

In a majority of bottom-up approaches, a sample protein
is purified with 2-D PAGE or HPLC, and is digested with a
highly specific enzyme such as trypsin, before or afier MS
analysis, with which the sequence information is acquired.
There are two distinctive methods for the identification of
sample proteins. First, in PMF, candidate proteins are iden-
tified on the basis of sufficiently high score of match between
the masses of the peptides produced by protease (i.e. trypsin)
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digestion and the mass list predicted from proteins in ge-
nome or protein databases, using an appropriate search al-
gorithm incorporated in programs such as MASCOT and
SEQUEST. Because the highly reliable identification could
be achieved through the closest match between experimental
and theoretical masses of peptides, any contamination of
sample protein with peptides should be avoided. Second, in
MS/MS database search for a protein, MS/MS spectra of a
series of enzyme-digested peptides are compared with those
of product ions predicted from protein sequence databases
[13]. For the identification of sample protein in high fidelity,
these methods require an extensive coverage of experimental
data over the whole sequence of the protein to compensate
for the difficulty in discerning the N- and C-terminal
sequences of the sample protein. More than 200 types of
PT'Ms impose a further limitation in the fidelity of protein
identification because of our inherent inability 1o predict the
occurrence of PTMs from the genome (EST) and protein
sequence databases. The suggested remedies include a posi-
tional proteornics strategy, which greatly reduces the com-
plexity of analytes by precisely locating a peptide at a partic-
ular position in a protein [14].

The top-down approach is attractive for N- and C-termi-
nal amino acid sequencing of proteins. To be successful, a
particular series of fragment ions from the N- or C-terminus
of an intact protein must be obtained by FT-ICR MS instru-
ments, which are used because of their high sensitivity and
accuracy [15]. However, it is still difficult to effectively dis-
sociate infact large proteins into a series of fragment ions for
sequencing by further fragmentation. The accessibility to
top-down proteomics has been improved by the development
of an efficient mass analyzer, the orbitrap, which is less
expensive than the FT-ICR analyzer without degrading accu-
racy, resolution, and sensitivity [16]. Suckau and Resemann
|17] suggested an alternative top-down strategy based on the
information about fragmemt jons effectively produced by in-
source decay (ISD) in MALDI-TOF/TOF MS instrurnents.
Despite the limitation of applicability 1o intact purified pep-
tides and proteins, MALDI-ISD permits the analysis of much
longer N-terminal amino acid sequence than does the
MALDI-PSD MS without being affected by PTMs (for a
review, see Hardouin [18]).

Here, we review recent methods developed for N- and C-
terminal amino acid sequence analyses of proteins using
MALDI-TOF MS as a key means for the identification of pri-
mary structures of mature proteins formed under particular
physiological conditions in cells and organs. One of the most
advantageous features of terminal sequencing is that as few
as four residues from the N-terminal amino acid sequence
(sequence tag) have proved sufficient for specifying between
43 and B3% of proteins, and those from the C-terminal
counterpart further raise the success rate 1o 74-97% of pro-
teins [19]. This illuminates a sharp contrast to shotgun pro-
teomics in which high sequence coverage throughout the
whole protein is necessary for the convincing identification.
Therefore, positional proteomics [14], or more specifically,

B 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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terminal proteornics, which deals with protein identification
based on N- and C-terminal amino acid sequencing, can
allow the analysis to be achieved in high-throughput. How-
ever, it is inevitable that the advantage of high-throughput in
protein sequencing is often compromised by fidelity.
Sequence data deduced from a fully instrumented and, con-
sequently, high-throughput method should ultimately be
confirmed by more reliable chemical and enzymatic ap-
proaches, especially when it has proved to involve covalent
modification(s). The requisite manual analysis impedes
throughput to some extent. Accordingly, we also include
alternative methods based on ESI-MS in combination with
LC 1o allow LC-MS/MS analysis of a series of purified peptide
or protein samples.

2 Strategies for terminal analysis of
peptides and proteins

In the first report of protein sequencing, Sanger used partial
acid hydrolysis of bovine insulin, followed by labeling (or
tagging) of the amino groups with 1-fluoro-2,4-dinitro-
benzene 1o determine the primary structure [20]. Soon afier-
wards, however, the method of Sanger involving the partial
acid hydrolysis of proteins was succeeded by the Fdman
chemistry [21], of which elaboration enabled high fidelity N-
terminal sequential degradation of a peptide chain. Interest-
ingly, the partial acid hydrolysis and the Edman degradation
can still be useful to some extent in current proteomics re-
search, even though the needs of high-throughput and sen-
sitivity for large-scale analysis take first priority.

For the C-terminal version of Edman degradation, oxazo-
lone chemistry was developed because an oxazolone only
arises at the C-terminus of a peptide chain, discriminating
agains! all side-chain carboxyl groups. Oxazolones are usually
converted to a hydantoin, which is removed from the rest of
the peptide chain, providing the next cycle of reactions with
the new terminal carboxyl group of the penultimate amino
acid residue. The repetition of this reaction cycle allows step-
wise degradation of a peptide chain from the C-terminus,
leading to an antomated C-terminal sequencing method. [t is
now possible lo sequence more than ten amino acid residues
at high pmol sample levels [22]. While this method has been
highly recommended for standard use in laboratory manuals
and textbooks [23, 24], very few proteomics researchers
appreciate its potential utility for the unambiguous determi-
nation of amino acid sequences, One of the most charitable
assessments of this method stated that it was of limited use
when "you have nothing to lose’ and if ‘you don't get anywhere
with your sample’ (|24], pp. 184). Nevertheless, some coura-
geous chemnists have taken on the challenge of improving the
method to enhance reaction yield and sensitivity. Their efforts
to modify the simpler thichydantoin chemistry into the more
effective alkylation chemistry of thichydantoin [25, 26) now
allow the method to be performed at low picomole amounts
on a protein sequencer [27].

www.proteomics-journal.com
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2.1 Ladder sequencing

2.1.1 Controlled acid hydrelysis and chemical
degradation

Probably the first example of exploiting MS in this context is
“ladder sequencing” of proteins [28]. This method employs
MALDI-MS for the analysis of a mixture of peptides pro-
duced after several cycles of Edman degradation with phe-
nylisothiocyanate (95%) doped with phenylisocyanate (5%).
This creates a ladder composed of a series of sequentially
truncated peptides by partially terminating the degradation
at each cycle of the reaction. The N-terminal amino acid
sequence is thus elucidated from the ladder in a manner that
is later adopted in MS/MS analysis. This greatly diminished
the difficulties of the onginal Edman method, inchuding the
decreasing solubility of protein samples during the process
and extensive sample losses for shorter hydrophobic pep-
tides during washing of the excess reagents [29-31|. None-
theless, many N-terminally blocked proteins remain to be
analyzed. Aside from other modifications, N-terminal acet-
ylation has been estimated 1o occur in 30-80% of eukaryotic
proteins |9, 32|, heavily impeding the approaches requiring
the free N-terminal «-amino group. It is therefore necessary
to perform the proteomic analysis by taking the precaution
that more than 50% of N-termini in mature proleins may be
blocked by some kind of modifications.

Consequently, the controlled acid hydrolysis primitively
used by Sanger has been re-examined as a possible alter-
native for generating a ladder for MS analysis. This method
is less likely to be adversely affected by the blockage of the N-
or C-terminus, It is also possible to identify PTM amino acid
residues, modifiers, and their attachment sites, if such mod-
ifications are not susceptible to acid hydrolysis. Li and co-
workers observed cleavage of a single peptide bond by
microwave irradiation in acidic solution of a protein, creating
a pair of the N- and C-terminal fragments, thus resulting in a
full set of peptides constituting a ladder for MALDI-MS
analysis |33]. This method would be more attractive if the N-
or C-terminus of a protein were tagged appropriately so that
the peptides arising from either one of these termini could
be distinguished from the others. For such a purpose, mass
or charge tags (Section 2.2) employed in MS/MS analysis
might be useful. Note, however, that the fidelity of the meth-
ods based on ladder sequencing of proteins falls as the mo-
lecular weight increases above 15 kDa. This is due to the dif-
ficulty in identifying the particular ladder corresponding to,
say, the N-terminal sequence among all the others.

Under highly controlled conditions for partial acid
hydrolysis, the free C-terminal carboxyl group assists the
cleavage of the adjacent peptide bond, leading to sequential
degradation adoptable to ladder sequencing [34]. Undesir
able degradation associated with acid hydrolysis of peptide
bonds was suppressed by carrying out the reaction in a vapor
consisting of pentafluorapropionic or hexafluorobutyric acid
and acetic anhydride [34]. The procedure has been improved

@ 2008 WILEY-VCH Verlag GmbH & Ca. KGaA, Weinheim
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so that proteins can be truncated with acetic anhydride in gel
[35]. Although these methods have potentially wider appli-
cability, the appeal of simply treating samples chemically is
somewhat reduced by the complexity in interpreting the
resulting ladder, in which careful allowances need to be
made for mass shifis due to N- and O-acetylation along with
accidental dehydration.

To identify a protein more effectively through the Cter-
minal sequence, it is possible to label all the peptide frag-
ments except that at the C-terminus with 0 by hydrolysis in
H,'®0. If a protein were subjected to proteolysis in H,™0,
the resulting C-terminal peptide could be distinguished from
others in the digest by mass spectra because it does not
incorporate "0 |36-38). This isotope-labeling technique has
rarely been used for C-terminal sequencing of whale pro-
teins because of the general lack of C-terminal basic amino
acids (Lys and Arg) known 1o assist the detection by MALDI-
MS in a high sensitivity. Nevertheless, considering the
requirements of extensive sequence coverage in bottom-up
approaches, we can expect the potential utility of this tech-
nique for discriminating between the internal and C-termi-
nal peptides in terminal proteamnics.

2.1.2 The use of proteolytic enzymes

One of the most specific and reliable ways to generate a G-
terminal ladder is to use a carboxypeptidase (CPase) such as
CPase Y [39]. To avoid missing a particular step in the ladder,
a mixture of CPases Y and P is often used for its wider sub-
strate specificity [40, 41|. With this enzymatic ladder-creating
method, up to ten or more amino acid residues have been
sequenced at the pmol range by using MALDI-MS. The main
obstacle to the method has been the difficulty of distin-
guishing between the C-terminal peptide and other peptide
fragments when the method is applied 1o the proteolytic
digest of a large protein. Suggested remedies include com-
bining this method with cyanogen bromide cleavage of a
protein al Met residues, discriminating the genuine C-ler-
minal peptide from all the other peptide fragments, which
are not digested by CPases owing to the blockage of the car
boxyl group of the C-terminal homoserine by the lactone
structure [42]. The limitation of this method is that it
requires Met at an appropriate position near the C-terminus.

2.1.3 Gas-phase fragmentation

A ladder can also be produced in gas-phase fragmentation in
MS/MS. Sequencing with MS/MS or MS" takes the place of
conventional chemical methods for creating the ladder
through the use of state-of-the-art jon-trap facilities and
sophisticated fragmentation techniques such as CID, elec-
tron transfer dissociation, or electron capture dissociation.
These techniques automatically generate the ladder from a
given ion selected in the mass spectrum. However, there still
remains the problem of clearly distinguishing a ladder
belonging to, al best, either the b- or y-ion series. It is difficult

www.proteomics-journal.com
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ta distinguish the peak of the N- or C-terminal peptide for the
subsequent fragmentation, unless either one or both termini
is appropriately tagged chemically or enzymatically as
described in Section 2.2,

2.2 Tagging of proteins at N- and C-termini for
selective isolation and identification

Tagging a protein at either terminus limits our targel lo
relatively short peptides. This avoids confusion arising from
complex mass spectra with a large number of peaks, and
thus enhances the fidelity of sequencing. For de novo protein
sequencing, tags are usually introduced into the N-terminus
of a peptide with a reagent that enhances the sensitivity of
MS. It is desirable that the tag facilitates the interpretation of
mass specira by providing the peak of interest with a readily
discernible feature.

2.2.1 Methods for N-terminal tagging

There are two approaches to sample preparation in N-termi-
nal tagging: (i) preferential guanidination of lysine g-amino
groups with O-methylisourea, leaving the terminal a-amino
group unprotected for the subsequent tagging (disulfide
bonds are reduced and S-alkylated prior to the modification)
[29]; (i1) direct labeling of both =- and g-amino groups of the
sample protein with the tagging reagent, followed by diges-
tion with a proteclytic enzyme, such as trypsin and chymo-
trypsin. In method (i), the N-terminal peptide can be easily
found and analyzed in the presence of other peptides, owing
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to the specific tag thus introduced. In contrast, method (ji)
needs either PMF or de novo sequencing with MS/MS analy-
ses of larget peptides to confirm the identity of the resultant
peptides, Sometimes, it is desirable to avoid labeling of the &-
amino groups of lysine residues. Towards that end, removal
of lysine residues by carboxypeptidase B and use of Lys-N as a
proteolytic enzyme have been examined. For these strategies,
an ESI-MS instrumemnt is effective because each tagged pep-
tide can be separated by LC before MS and MS/MS analyses.
The following compounds have been employed: partially
deuterated nicotinic acid [43], 5-bromonicotinic acid [44), 4-
sulfophenyl isothiocyanate with a strongly acidic group [45],
either a tertiary or quaternary ammonium group bearing a
fixed positive charge like the ITRAQ™ reagent [46], a mixtre
of acetic and deuterioacetic anhydride [47], and bis{terpyr.
idinejruthenium(ll) reagent (|(tpy)Ru(11){tpy-C,H,COON-
Su)|X;) (where tpy: terpyridine; NSu: N-succinimidyl; X: Cl,
or PFg) [48]. The chemical structure of bis(terpyridine)
ruthenium(l1) reagent and its use in N-terminal sequence
analysis of bovine ubiquitin are shown in Fig. 2. These
reagents might facilitate the sequencing of naturally blocked
N-terminal peptide by meodifying all the non-N-terminal
peptides to be removed after tryptic digestion. 2,4,6-Trinitro-
benzenesulfonic acid is also used for the modification of the
non-terminal amino groups to enable the separation of the
N-terminal peptide in a method termed combined fractional
diagonal chromatography (COFRADIC) [49]. Apparently,
these N-terminal tags, especially isotopic mass tags, can also
be exploited for quantification of proteins in the manner of
iTRAQ [46].

Figure 2. N-Terminal amino acid
sequencing of ubiquitin tagged
with [{tpylRulll}tpy-C;H,COON-
SullX; (<Ru>-COONSu). The N-
Tarminal amino acid sequence
of bovine ubiquitin could be
elucidated by analyzing its

«f5 <Ru=>-CO-1tagged chymotryptic
A L.lEDGRTqSDYiNl |HLIVL‘R.L|RGG digest with MALDI-TOF/MALDI.
TOF-PSD MS. The chemical

structure of the reagent (<Ru>-

—e COONSu) is shown in (a). Six

Mot Gin , Leulle, Phe CQ pulcs (b) having characteristic

(¢) Chymotryptic Digestion
MALM-TOF Analysis

[ £ 1: N-Terminal peptide | (4) MALDI-TOF-  a,
PSD Analysis g

3 39

topic patterns depending on
Rull} ions, which were mumsd
10 be produced at one-half fram
Rulll) by reduction, were detect-
ed in a MALDI-TOF mass spec-
trum of the chymotryptic digest
(c). The amino acid sequence of
a peptide cormesponding to the

g}

— EP"""I
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222 Specific isolation of the N-terminal peptide and
its de novo sequencing

To determine N-terminal amino acid sequences of proteins
with high-throughput and high fidelity (regardless of protein
mass), several methods for selective isolation of the N-ter-
minal peptide followed by de novo sequencing have been
reported [14, 50-53]. As a typical example, our approach [53)
is illustrated in Fig. 3. The method consists of the following
five steps: (i) reduction of disulfide bonds, followed by S-
alkylation, and guanidination of the eamino groups;
(1) acylation of the 2-amino groups with sulfosuccimidyl 3-
{2-(biotinamidojethyldisulfanyljpropionate  (sulfo-NHS-55-
biotin) to introduce a removable biotin-tag; (iii) digestion of
modified proteins by trypsin; (iv) specific isolation of N-ter-
minal fragments of proteins by affinity capture using a bio-
tin-avidin system; (v} de novo sequence analysis of peptides
by MALDI-TOF/MALDI-TOF-PSD MS with effective utiliza-
tion of the chemically assisted fragmentation method devel-
oped by Keough & al. [54]. Note that biotinyl cysteic acid used
in the previous method |50] is replaced with sulfo.-NHS-5S-
biotin, from which the sulfonyl group is generated at the N-
termini by performic acid oxidation |53} This permits spe-
cific capture of N-terminal peptides from tryptic digests of
proteins by utilizing a biotin-avidin system, followed by their
release by oxidative cleavage of the disulfide bond of sulfo-S-
S-biotin tag. These processes proceed sequentially with bet-
ter yields for samples at low pmol levels. Amino acid
sequences of the N-terminal peptides thus isolated are easily
determined de novo by exclusive observation of y-series frag-
ment ions in the MALDI-PSD spectrum (Fig. 4). The efficacy
of the method is such that 34 proteins in an Escherichia coli

Proteornics 2008, 8, 673-685

extract were successfully identified by amino acid sequenc-
ing after separation by 2D SDS-PAGE, followed by excision
of each protein spot [50]

The throughput can be much enhanced by carrying out
the reaction for several samples in parallel. However, for se-
quencing of N-terminally blocked proteins, this method
needs further elaboration. To address this issue, we have
developed a new technique in which two types of columns
bearing p-phenylene diisothiocyanate (DITC) and avidin are
used successively [55]. In this way, N-terminally blocked
peptides are recovered from the first colurnn in the unad-
sorbed fraction, and biotinylated N-terminal peptides are
recovered in the adsorbed fraction of the avidin column 1f
we use 4 mixture of H,'°0 and H,"*0 instead of natural light
(H,"*0) water for wryptic digestion, the C-termini of N-
blocked peptides are doubly labeled with "0 and ™0, facil-
itating iheir sequencing (to be reported elsewhere), A similar
strategy uses acetylation of all the amino groups of a protein,
followed by biotinylation of the #-amino groups of internal
peptides released by tryptic digestion. This permits one to
isolate the acetylated N-terminal peptides afier removal of N-
biatinylated internal peptides on an avidin column [14).
Similar to the COFRADIC approach, the advantages of this
method are that it is casy to perform by obviating the guani-
dination and that it can be applied to identification of natu-
rally Nacetylated proteins if deuterated ('Hy|) acetic anhy-
dride is used appropriately to distinguish them from the N-
terminal free proteins. Recently, the method has been
irmproved by replacing the biotin-streptavidin systemn with an
amine-reactive (NHS-activated) Sepharose column for the
removal of internal peptides [56]. The improvement in
method for the isolation or enrichment of the N-terminal
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Figure 4. N-Terminal sequencing of a protain sep d from Escherichia coli according 1o the protocol shown in Fig. 3. Escherichia

coli strain K-12 crude extracts were prepared using ProteoPrep™ Sample Extraction Kit (Sigma, St. Louis, MO). Samples containing 500 pg
of protein were separated first by IEF on an Immobiline dry strip gel of pH50-8.0 (Amersham Pharmacia Biotech, Bucks, UK) after
dissolving in rehydration buffer containing 0.2% carrier ampholyte (Amersham Pharmacia Biotech). (a) 2-D PAGE image of proteins sepa-

rated and stained by CBB. (b) MALDI-TOF MS spectrum of tryptic digest of a protein lapproximately 5-10 pmol), excised from the darkest

spot found in a blue circle in (a} and modified

1 eh

ding to the p

peptides specifically isolated from the trypsin digests using the avidin column. (d) MALDI-PSD sp

peptide greatly reduces the analyte complexity, facilitating
interpretation of the mass spectra, and thus allowing to
achieve a high-fidelity analysis due to the drastically limited
database search focused on the terminal part of cDNA or
genomic data.

2.2.3 Methods for C-terminal tagging

For identification of a protein by database search, the C-ter-
minal amino acid sequence offers more information than
the Neterminal counterpart [19]. Moreover, C-terminal se-
quencing is less likely to suffer from PI'Ms than is N-termi-
nal sequencing. In spite of these advantages, severe difficul-
ties in chemically discriminating between main-chain and
side-chain carboxyl groups have prevented C-lerminal se-

@ 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in Fig. 3. (c) MALDI-TOF MS spectrum of the N-terminal
of the precu: ion at m/z 1928,

quencing from performing as effectively as N-terminal anal-
ysis using Edman chemistry. The suggested remedies
include the formation of an oxazolone, which occurs salely at
the C-termini of peptides and proteins, while keeping all the
other carboxyl groups intact. Because the oxazolone group is
an active form of the carboxyl group, it enables the site-spe-
cific modification of the C-terminal carboxyl group (Fig. 5).
Generally, when a ladder is obtained by non-specific
degradation of a peptide, 1t is impossible to determine the
terminus from which it originated, with the exception of a
ladder generated by CPase-digestion. A possible solution is
chemical labeling of either the N- or C-terminus of a peptide.
In MS/MS, the most promising tag for C-terminal sequenc-
ing should accentuate the responses of C-terminal fragments
(x-, y-, and z-type ions) and suppress those of the N-terminal

www.proteomics-journal.com
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Figure 5. For ion and of lona at the C-t
of a protein. The C-terminal carboxyl group of a protein reacts
with acid anhydride (acetic anhydride, for example) 1o form an

oxazolone via a mixed anhydride. The can be utilized
for subsequent derivatization by the ion with a leophilic
reagent (Y-H).

fragments (a-, b- and c-type ions) (see refs cited in 2.2.4).
However, conventional methods used lo derivatize the amino
groups are not applicable to introduce a tag into the Cder
minus of a peptide or protein, unless the C-terminal peptide
is successfully isolated for sequencing. To achieve the requi-
site tagging for characterization and identification of the
protein C-terminus, it is indispensable w modify the C-ter-
minal carboxyl group. As described in the section on step-
wise Coterminal degradation, the chemistry of oxazolone
could provide us with a variety of methods for the derivati-
zation [57), However, the relatively low yield of oxazolone
formation and the elaborate protocols for chemical manip-
ulations, which are often unfriendly for proteomics
rescarchers, need to be improved. Such hurdles inherent in
oxazolone chemistry could be partially overcome by using
MS for the detection of products with high sensitivity and
throughput.

To take advantage of MS for selectively detecting and
identifying peptides bearing a fixed positive charge, an oxa-
zolone was exploited for coupling with a derivative of argi-
nine [58]. Although the peptides attached with arginine or ils
ester exhibited peaks with much enhanced intensities in
MALDI-MS, the reaction carried out in acetic anhydride at
115°C for oxazolone formation was so severe that several side
reactions could not be suppressed. The improved prolocol
involves in situ conversion of oxazolone (formed in a mixture
of acetic anhydride and formic acid) into the more stable
active ester, with which a nucleophile such as arginine or 2-
hydrazino-2-imidazoline bearing a positively charged group
is coupled [59]. With this improvement, it could be used for
C-terminal charge tagging of proteins. The tagged protein
was digested with chymotrypsin to yield a mixture of pep-
tides, among which the MALDI peak of the C-terminal pep-
tide fragment could specifically be enhanced (Fig. 6), Note
that in this setting, trypsin is not appropriate for use because
it leaves basic amino acids at the C-termini of all the peptide
fragments after the digestion. The remaining practical prob-
lems, which include the difficulties of discriminating be-
tween gemuine and false-positive peaks in MALDI-MS,
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might be solved by developing an improved reagent for tag:
ging so that modified C-terminal peptides are more clearly
discerned and sequenced by MS/MS including LC-ESI-MS/
MS. Note that the method is potentially extended for the iso-
lation of C-terminal peptides in the manner described in the
Section 2.2.2, provided that a specific functional group reac-
tive to a solid support 1s introduced in the 1ag.

2.2.4 Specific isolation of C-terminal peptides and
their sequencing

When there arises a need to sequence a protein from the C.
terminus using MS, one might attempt to obtain the C-ter-
minal peptide fragment from the enzymatic digest rather
than deal with the whole protein. This would be advantageous
because a small peptide is generally easier to handle, well
within the accuracy limits of MS. Furthermore, a sequence of
5-10 amino acid residues is sufficient to characterize the pro-
tein with a genomic database [19]. To avoid being confused by
contamination, a specific stratagem for isolating the genuine
C-terminal from a mixture of peptide fragments has been
suggested. Many authors prefer to use trypsin, or more spedi-
fically lysyl endopeptidase because these proteases leave basic
amino acid residues al the C-terminus of every peptide except
forthat at the C-termirnus. This permits specific isolation of C-
terminal peptides using a column of immobilized anhydro-
trypsin, which removes peptides containing lysine or arginine
residues at their C-termini [60]. The eluted solution contain.
ing the uniquely unbound C-terminal peptide may be sub-
jected 1o MS for sequencing. DITC attached to glass beads
might serve as an alternative to immobilized anhydrotrypsin
because all the side-chain amino groups of lysine residues
occurring at the C-termini of lysyl endopeptidase digests are
covalently bound to the glass beads, while the C-terminal
peptide that most probably lacks a lysine residue is released
from the solid support after cleavage of the N-terminal amino
acid residue |61).

The isolated C-terminal peptide can be subjected 10
ordinary techniques of N-terminal sequencing if its length is
modest enough to determine the entire covalent structure.
This circurnvents the risk of trying the still immature meth.
od of C-terminal sequencing. A reasonably short (but not too
short) peptide is eligible for any kind of sequencing using
MS. Therefore, the efficacy of these methods based on the
isolation of C-terminal peptides depends on the amino acid
sequence of a protein from which a medium-sized peptide is
to be released. Except for an unfortunate case where the
protein has arginine or lysine at the C-terminus, it is claimed
that the method has proved successful in sequencing a pro-
tein at the 20 pmol level |62].

2.3 Chemical strategies for terminal access
Oxazolone chemistry associated with C-terminal modifica-

tion of proteins is less effective than the established Edman
chemistry for N-terminal sequencing. Nevertheless, it pro-

www.proteomics-journal com
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Figure 8. A scheme for C-termi-
nal sequencing of peptides and
proteins  [59]. The method
involves C-terminal activation,
derivatization for charge tag-

ging, and protease digestion,
lollowed by successive analyses
with MALDIMS and MALDIK
PSD-MS (or MALDI-MS/MS). In
the activation process, some of
the hydroxyl groups may be for-
mylated (R = CHO or H), but the
subsequent reaction with a
nucleophile can deacylate. Al

Sequencing

C-TERMINAL SEQUENCE

vides us with the sole means to deal with C-terminal carboxyl
groups, sirictly discriminating against the same group on
side-chains, This is the most advantageous feature of oxazo-
lone chemistry compared to conventional approaches. For
example, carbodiimides activate every carboxyl group in a
protein for subsequent modification. A major breakthrough
in C-terminal modification of proteins could therefore be
achieved through implementing oxazolone chemistry,

2.4 Difficulties of protein identification and prospects
of future developments

Protein sequencing was one of the most challenging subjects
for biochemists until the middle 1970’s, prior to the era of
genomics. It required skills, profound knowledge of protein
chemistry, and a great deal of patience with laborious
experiments, which often lasted for years for each protein.
Although the throughput of the sequencing was under-
standably low even after the automation of Edman degrada-
tion, the fidelity of the resulting sequence data was incredibly

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA. Weinheim
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though this scheme shows an
example of charge tagging, it is
also possible to label the pep-
tide with an isotopically labeled
reagent as 3 mass lag or with a
bifunctional reagent that sllows
the isolation of the 1agged pep-
tide. After the step of protease
digastion, the N-terminal pep-
tide could possibly be isolated
as suggested In litersture [14].

high. Today, the majority of proteomics researchers who are
sequencing proteins are provided with laboratory manuals
instructing them how 1o handle proteins with a kit of
enzymes and reagens. Except for preliminary separation
and manipulation of proteins, researchers focus on MS and a
search for candidate proteins in a genome database. This
approach requires the use of sensitive and high-throughput
methods. However, proteomics intrinsically deals with thou.
sands of proteins from a particular cell type or tissue in a
given physiological condition. The enormously wide dis-
tribution of molecular weights and concentrations of pro-
teins to be analyzed makes it prohibitively difficult to assess
the throughput of different methods [63]. Nonetheless, there
arises a rational relationship that the performance of protein
sequencing is a compromise between throughput and relia-
bility (Table 1), Apparently the rate-determining step in the
proteomics analysis for identifying proteins should be placed
on the development of methods, which deal with difficult
proteins by means of special approaches. Considering the
successful automation of Edman degradation and DNA

www.proteomics-journal.com
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Table 1. Throughput and fidelity in the parformance of methods using MS

Method Throughput Fidality Comments (Instrument(s) required) References
Top-down Excellent Madest » Very high accuracy and sensitivity [FT ICR or 12,15, 16)
orbitrap mass analyzer|
» Easy to perform [MALDI-1SD- TOF/TOF] 17, 18)
» Limitations in higher mass range
Bottom-up High Modest* » High sequence coverage and high sample purity (13, 65]
(PMF)} required.
» Easy 1o perform [MALDI]
Bottom-up High Maodast® » High sequence coverage required [15. 661
[MS/MS jon search) » Robust search programs required for high
throughput and fidelity
Ladder sequencing Modest- High  Modest » Easy to perform 32
(Acid hydrolysis) « Difficult to control the reaction
» High sample purity required
Ladder sequencing Low Modest- High e Usetul for terminal proteomics [28, 33, 34, 39-41)
|Chemical degradation) » High sample purity required
Ladder sequencing Modest- Low  Modest- High e Probably most reliable for C-terminal sequencing [42)
|Combination of Chemical & Enzymatic) » Met residue required for cleavage
Isolation (enrichment) of N-terminal peptide  Modast- Low  Modast- High « Modast technical skills required [14, 50-53, 55, 56]
» Adoptable 1o proteins with PTMs
Isolation {enrichment) of C-terminal peptide  Modest- Low  Modest- High e Modest/high technical skills required [60-62]
» Least likely atfected by PTMs
N-Terminal tagging High- Low Modest- High « Mod hnical skills required (29, 43-49, 54]
= Applicable to protein mixtures
C-Terminal tagging Modest- Low  Modest- High e Advanced technical skills required [58, 59)
« Optimization required
« High fidelity expected
o) Fidelity of identification resulting from these approaches depends aly on the quality of peptide mass dats and database search

programs used [65, 66].

sequencing [64], we expect that some of the routine protocols
of terminal sequencing may be replaced by robotic manip-
ulation to increase the throughput of the method. The virtue
of a high-throughput methad is that it minimizes the rou-
tinely (often tedious) task of sequencing simple proteins,
thus allowing researchers to concentrate on elicidating the
structure of more complex proteins, which might be pro-
cessed by a myriad of PTMs.

3 Concluding remarks

in this review, we referred to some chemical or enzymatic
approaches, which may be still immature for practical use,
along with standard methods for protein sequencing. This
is because we believe that the tools of proteomics would
not be complete without implementing new strategies for
analyzing proteins not accessible by ordinal approaches.
Since proteommics focuses on ‘comprehensive analysis of
whole proteins in a cell, tissue, or organisn’, the analytical
tools of the subject must also be comprehensive. Probably,
the most promising breakthrough arises through a rational
combination of MS with highly site-specific chemical or

£ 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

enzymatic approaches lo make il easier to inlerpret the
mass spectra. A rational strategy of terminal proteomics
might address the issues by choosing (i) the larget al a
specific site of a protein for tagging, isolation, or enrich-
ment; (i) reagent(s) for precisely reacting with the target
functional group, discriminating (if necessary) between the
groups of the same kind but of different site; (iii) an en-
zyme (or chemical) to generate either or both of terminal
peptide. Most of the examples listed in the respective
cntries of Table 1 have such a structure. It is further
desired that any method for proteomics study should also
be able to deal with a complex mixture of proteins with a
reasonably high sensitivity.

Terminal sequencing techniques using M$ should mini-
mize possible confusion caused by unpredictable or unex-
pected mass shifis due to the attachment of non-amino acid
components o proteins by PI'Ms, because the probability is
very low that both N- and C-termini of a protein are modified.
Once the protein of interest is thus identified, the more la-
borious but more inspiring work would follow to character-
ize the protein with such modifiers. Thus, the completion of
terminal sequencing is just the first step in proteomics re-
search.

www.proteomics-journal.com
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Technology 685
Note added in proof

The authors have recently developed a simple and efficient
method for C-terminal sequencing of proteins with MS by
employing succimmidyloxycarbonylmethyl tris- (2,4,6-tri-
methoxyphenyl) phosphonium bromide and DITC [Kuyama,
H., Shima, K., Sonomura, K., Yamaguchi, M. ¢t al,, A simple
and highly successful Cterminal sequence analysis of pro-
teins by mass spectrometry. Proteomics 2008 (in press)).

www.proteomics-journal com
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C-terminal Sequence Analysis of Protein by MS

Efficient Isolation and de novo Sequencing

A simple and efficlent method for C-terminal sequencing of proteins has long
been pursued because it would provide substantial information for identifying
the covalent structures of target proteins, including post-transiational modifi-
catlons. However, there are still significant impediments to both direct sequenc-
ing from C-termini of proteins and specific isolation of C-terminal peptides from
proteins. We describe here a highly successful, de novo C-terminal sequencing

method of proteins by

employing succinimidyloxycarbonylmethyl tris

(2.4.6-trimethoxyphenyl) phosphonium bromide (TMPP-Ac-0Su) and mass spec-

trometry (MS).

é

1 Dhgestion wir L ysC l

Fig. 1: Schematic overview of the method
A protein is first digested with LysC to yield
peptides incorporating amino groups at both

groups, and isolation of the C-terminal peptide
using a DITC resin.
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Why C-terminal peptide?
Why de novo Sequencing?

Determining amino acid sequences of
proteins, including their post-transla-
tional modifications (PTMs), is highly im-
portant in life sciences because the cova-
lant structures are directly responsible
for the biological functions of individual
proteins. A “bottom-up” (or “shotgun®)
approach by MS has been generally used
w determine covalent structures of pro-
teins [1). This usually involves peptide
mass fingerprinting (PMF) or MS/MS ion
search by mass spectrometry.

However, the amino acid sequence of
4 mature protein is usually altered from
that expected from the DNA sequence
due tw processing such as editing and
splicing of RNA before translation, and/
or various PTMs that occur o newly ex-
pressed proteins. Therefore, widely used
methods such as PMF or MSMS ion
search often fail w identify post-transia-
tionally modified proteins, or to detect
sequence polymorphisms observed in
various protein isoforms because the da-
tahase is not sufficienty comprehensive
for an effective search for any type of
protein. In these cases, de novo sequenc-
ing, where peptide sequences are inter-
preted direcdy from the MS/MS spectra,
is the only practical approach by MS.

The advantage of de novo sequencing
using N- and C-terminal peptide (“Termi-
nal proteomics™) has been well acknowl-
edged because it can be applied globally
o peptide sequencing for structural de-
termination and/or identification of pro-
win [2]. One of the most advantageous
features of terminal sequencing is that as
few as four residues from N-terminal

_[JB.
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amino acid sequence have proven suffi-
cient for specifying 43 10 83% of proteins,
and those from the C-terminal counter-
part further raise the success rate to 74
Lo 97 % of proteins [3). Hence, de novo se-
quencing of terminal parts of a protsin
affords much higher refiability of search
results. Of both terminal analyses, sev-
eral practical methods for N-terminal se-
quencing have been reported (2], but any
satisfactory methods for C-terminal se-
quencing have not been developed.
Therefore, the development of a simple
and highly successful method for C-ter-
minal sequencing by MS has particularly
been a growing need for a long time.
Here in this article, simple and highly
successful method of isolation of C-termi-
nal peptide from protein followed by its de
novo sequencing by MS is described (4],

Outline of the Method

The outline of this method is illustrated
in figurel. First, & protein of interest is
digested with lysylendopeptidase (1ysC)
to yield peptides that have two amino
groups at their termini, except the C-ter-
minal peptide which has only one amino
group at the N-terminus. In case a pro-
tein of interest is N-terminally blocked by
any PTM, the N-terminal peptide has one
amino group on the side chain of lysine
residue. TMPP-Ac derivatisation with
TMPP-Ac-05u to produce TMPP-Ac pep-
tides is then carried out in the next step
[5]. These peptides are selectively modi-
fled at the a-amino group (not at the
e-amino group on the lysine residue).
Hence, the resulting modified peptides
have free amino groups at their lysine
residue. but the C-terminal peptide itsell



has no free amino group left,
In the final step, peptides with
free amino groups are at-
tached covalently to the
p-phenylenediisothiocyanate
(DITC) resin (or glass), The C-
terminal peptide thus recov-
ered in the elution solution is
subjected to de novo sequenc-
ing analysis by MALDI-MS.

An Example: Isolation of
C-terminal Peptide from BSA
and its de novo Sequencing

Here we show the result of C-
tarminal sequencing analysis
of bovine serum albumin
(BSA). Thirty pmol of BSA
was dissolved in 5 pl of urea
solution (8M). To the solution
was added 3 pl of Tris (2-car-
boxyethyl) phosphine hydro-
chloride solution (1 nmolful)
and reacted for 1 h at 37°C,
followed by the addition of io-
doacetamide solution (3 pl of
3 nmolul solution). After the
S-reduction and alkylation,
the reaction solution was di=
luted with 24 pl of 50 mM
NaHCO; solution and 5 pl of
acelonitrile followed by the
addivon of 9 pl of LysC (5 ng/
ul) for digestion for 16 h at
37°C. Then 2 pl of TMPP-Ac-
0Su solution (10 nmol/pl) was
added o the digest and incu-
bated for 30 min in a sonica-
tion bath. To the pre-washed
DITC glass (5 mg) was added
the TMPP modified solution,
which was allowed w stand
for 2 h in a water bath at
60°C. The extraction was car-

SOCOREX

ried out using acetonitrile-50
mM NaHCO, (1:9, 20 pl; twice)
and 2-propanol-acetonitrile-
0.1%TFA (1:1:2, 20 pl; three
times). The extracts were
combined and dried in a vac-
uum centrifuge. MALDI-TOF
mass spectra were recorded
on an AXIMA TOF? (Shi-
madzwKratos) mass spec-
trometer, Figure 2 presents
the MALDI-TOF mass spectra
of the TMPP-Ac-modified pep-
tide mixwre (fig. 2a) and an
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isolated C-terminal fragment
(Ag. 2b). The isolated C-ter-
minal peptide was then se-
quenced by tandem mass
spectrometry (CID mode). The
spectrum is plotted in figure
3. Sequencing was performed
using mainly a-type ions
(ay-ay9) as well as using the
helpful structural informaton
from characteristic d-type
ions (d,-d;, and dg) that oc-
curred due Lo the elimination
of the side chain from certain

precision liquid handling
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Fig. 2: MALDI-TOF mass spectra of
(a) TMPP-Ac-modified peptides
after LysC digestion, (b) Isolated
TMPP-Ac-modified C-terminal
peptide after DITC glass treatment

amino acid residues [6]. The
C-terminal amino acid se-
quence of BSA was thus de-
termined to be IVVSTQTALA
For the results of other pro-
wins, refer to the report (4],

Discussion

In case the isolated C-termi-
nal peptide incorporates argi-
nine residue(s), de novo se-
quence analysis of the peptide
may Ffail because arginine-
containing peptide does not
fragment well in a structur-
ally informative manner. We
applied a derivatisation pro-
tocol [7] o TMPP-Ac-peptide
incorporating arginine
residue(s), after which the
problem was solved and de
novo sequence analysis was
successfully performed (8).
Proteolytic fragmentation
was carried out with LysC. If
an isolated C-terminal peptide
is larger than m/az 3000,
though such cases are not
many, the de novo sequence
analysis may be problematic.
One solution to such a prob-
lem is sub-digesting the large
fragment with other proteases
(such as GluC, trypsin, and
chymotrypsin) followed by
TMPP modification, which
may yield an appropriate frag-
ment length for de novo se-
quencing by mass analysis.
Alternatively, the sequence of

w.socorex.com
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Fig. 3: CID spectrum of lsolated TMPP-Ac-modified C-terminal peptide from BSA

the C-terminal moiety of a
protein can easily be est-
mated using the observed m/z
value of the isolated C-termi-
nal peptide, since the pre-
dicted, full-length sequence of
the protein can be obtained by
searching a database such as
an MS/MS ion search or PMF,
The concept of this method
was successfully applied w
the sequence analysis of N-

EVENTS

terminal peptide [9], which
indicates that this methodol-
ogy may have practical appli-
cability for isolaton/separa-
tion of peptides.

Conclusion

We have developed a simple
and highly successful method
o perform C-terminal se-
quencing of proteins, using a

combination of chemical/enzy-
matic procedures (LysC diges-
tion, modification of a-amino
groups with TMPP-Ac-0Su
and isolation of the C-terminal
peptide using DITC resin or
glass) and de nove sequence
analysis by MALDI-TOF-MS.
We believe the method de-
scribed here is widely applica-
ble to high-throughput C-ter-
minal analysis of proteins,
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The specific isolation of C-terminal peptides of proteins
through a transamination reaction and its advantage for
introducing functional groups into the peptide
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A novel method for isolating C-terminal peptides from proteolytic digests of proteins was developed.
Proteins were digested with lysyl endopeptidase (LysC) and applied to metal-ion-catalyzed trans-
amination reactions. This reaction enabled the selective conversion of an N"-amino group to a
carbonyl group. Subsequent incubation with p-phenylenediisothiocyanate (DITC) glass effectively
scavenged the lysine-containing N-terminus and internal peptides. The obtained C-terminal peptide
is open to modification with reagents having virtually any type of functionality owing to the reactive
a-ketocarbonyl group. In this report, 2,4-dinitrophenylhydrazine (DNPH) was used as an example of
a nucleophile to the carbonyl group. The isolated C-terminal peptide was modified with DNPH,
which exhibited signal enhancement, and was sequenced by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS). Copyright © 2009 John Wiley &

Sons, Ltd.

The C-terminus of proteins acts asanimportantdeterminant of
cellular functionssuch as protein trafficking, degradation, and
complex formation.’ Therefore, the significance in developing
C-terminal analytical methodology has been widely acknowl-
edged, and efficient and practical analytical techniques have
long been pursued. Mass spectrometry (MS) has been the
central detection method in analyzing proteins and peptides,
and various methodologies have been developed.

Mass-based methods for protein and peptide analysis can
be categorized as ‘top-down’ and ‘bottom-up’. Direct
sequencing (‘top-down’) is a promising technique for
analyzing the C-terminal structure,>® but there are still
significant impediments to its practical use. In contrast,
several ‘bottom-up’ methodologies, which require pinning
down the signal of the C-terminal peptide in the mass
spectrum or isolating the target peptide from the peptide
pool, have been reported.*” As with the top-down
technique, the bottom-up method also harbors significant
impediments for efficient and practical C-terminal analysis.
For C-terminal analysis using the bottom-up method,
isolating the target peptide is beneficial, particularly for
downstream operations such as chemical transformation.
Therefore, a practical isolation technique has been
sought.

We have been engaged in developing terminal sequencing
methods by MS. Recently, we developed N- and C-terminal

*Correspondence to: O, Nishimura, Institute for Protein Research,
Osaka University, Suita 565-0871, Japan.
E-mail: osamu_nishimura@protein.osaka-u ac.jp

sequencing methods of proteins using tris(2,4,6-trimethoxy-
phenylphosphoniumacetyl (TMPP-Ac) tagging.”” In these
methods, differentiating the reactivities of N*- and N'-amino
groups is highly important for isolating these target peptides.
TMPP-Ac selective tagging proceeded successfully, and
facilitated the subsequent isolation and de novo sequencing
by M5. However, the selective tagging reaction of the
N%-amino group is generally difficult. Hence, we have also
been seeking orthogonal reagents or reactions that lead to the
selective recovery and sequence analyses of terminal
peptides. One of the authors (O.N.) has used chemical
transamination” which selectively converts N*-NH, into a
carbonyl group. This prompted us to investigate its
feasibility for C-terminal-specific isolation and modification.

The transamination reaction was originally developed in
the 1950s and improved by Dixon.'®'" An advantage of the
reaction is its high selectivity for the N-amino group.
The selectivity is achieved by the direct participation of
the adjacent carbonyl oxygen. Moreover, this technique
introduces a reactive a-diketone moiety, thus enabling
further modification with a variety of nucleophiles, such
as hydrazine compounds. A very wide variety of applications
has been reported, e.g. removal of N-terminal residues
from recombinant proteins,” N-terminal specific labeling
of proteins and peptides,'”’® and applications to peptide
synthesis."”

Here we report a new approach for isolating C-terminal
peptides of proteins and sequencing utilizing the transam-
ination reaction.

Copyright © 2009 John Wiley & Sons, Ltd.
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EXPERIMENTAL

Materials

Bovine cathepsin B, pig albumin, bovine o-casein, 14-
phenylenediisothiocyanate, and iodoacetamide were
purchased from Sigma (St. Louts, MO, USA). Tris(2-carboxy-
ethylphosphine hydrochloride (TCEP) was obtained from
Fluka (Switzerland). Pyridine was purchased from Alfa
Aesar (UK). Lysyl endopeptidase (LysC), sodium hydrogen
carbonate (NaHCO,), sodium acetate, acetic acid, glyoxylic
acid monohydrate, copper sulfate pentahydrate, acetonitrile,
2-propancl, dimethylformamide (DMF), methanol and
triflucroacetic acid (TFA) were all obtained from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). o-Cyano-4-hydro-
xycinnamic acid (CHCA: high-purity mass-spectrometric
grade) and 2,5-dihydroxybenzoic acid (DHBA: high-purity
mass-spectrometric grade) were purchased from Shimadzu
GLC (Tokyo, Japan). Three peptides (MHRQETVDCLK-
NHa, AAKIQASFRGHMARKK, and SFLLR) were obtained
from AnaSpec (San Jose, CA, USA). A peptide (VIYHPF)
was purchased from Peptide Institute, Inc. (Osaka, Japan).
Methanediphosphonic acid (MDPNA) and 2 4-dinitrophenyl-
hydrazine hydrochloride (DNPH) were obtained from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). DITC
glass was prepared according to the procedure of Wachter
et al.'® Briefly, 500 mg of aminopropyl glass (Sigma, St. Louis,
MO, USA) was added in small portions to 6mL of 1,4-
phenylenediisothiocyanate solution (83mg/mL, in DMF).
The reaction mixture was stirred for 2h at room
temperature. The modified glass was washed to remove
excess reagent with DMF and methanol and dried under
vacuum.

In-gel digestion with LysC

A sample protein (30 pmol) was separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) in a 12.5% acrylamide gel. The Coomassie-stained
protein band was excised, washed with 50% (v/v) aceto-
nitrile in 100mM NaHCO;, dehydrated with acetonitrile,
and dried in a vacuum centrifuge. To the dried gel was
added 100 uL of 10mM aqueous TCEP solution to reduce
disulfide bonds. This solution was incubated for 30min at
37°C. S-Alkylation was performed by replacing the TCEP
solution with 100 uL of iodoacetamide solution (55 mM, in
100mM NaHCO;). After 45min incubation at room
temperature in the dark, the gel piece was washed with
100l of 30mM NaHCO; shrunk by dehydration in
acetonitrile, and dried in a vacuum centrifuge. The gel piece
was then rehydrated with 2ul of acetonitrile/50 mM
NaHCO; (1:9) containing 100ng of LysC., After 5min,
50mM of NaHCO; solution (18 L) was added to keep the
gel piece moist during digestion (37°C, overnight). To extract
the resulting peptides, 40 wL of 50% acetonitrile containing
0.05% TFA was added to the digestion mixture, and the gel
piece was sonicated in a water bath for 10 min, followed by
collection of the supernatant. This extraction procedure was
repeated three times. The extract was combined and
lyophilized. The resulting dried material was applied to
the transamination reaction.

Copyright © 2009 John Wiley & Sons, Lid.

RCM
Transamination of peptides

Transamination was performed with a freshly prepared
aqueous solution of 10% pyridine containing 0.2M
glyoxylic acid and 6mM CuSO; for 30min at room
temperature. The reaction was also investigated in a
sodium acetate buffer (1 M sodium acetate, 5mM CuSO,,
0.2M acetic acid, and 0.2M glyoxylic acid). The transam-
ination reaction was successfully performed under both
conditions. The reaction mixture was purified using ZipTip
p-C18 (Millipore, Billerica, MA, USA) according to the
manufacturer’s protocol. The peptides were eluted using
5uL of 50% acetonitrile containing 0.05% TFA. An aliquot
of the eluted sample was analyzed by MALDI-MS and the
rest was dried in a vacuum centrifuge and applied to the
following C-terminal isolation step.

Isolation of C-terminal peptides with DITC

glass

DITC glass was washed before use with acetonitrile, then
with 50 mM NaHCO; buffer containing 10% acetonitrile. The
dried material after transamination was dissolved in 10 pL of
50 mM NaHCO; buffer containing 10% acetonitrile, applied
to 5mg of DITC glass and incubated for 2h at 60°C. Toextract
peptides, 40 pL. of acetonitrile/2-propanol/0.1% TFA (1:1:2)
was added to the suspension of DITC glass and the
supernatant was collected. This extraction procedure was
repeated twice, and the recovered solution was dried in a
vacuum centrifuge. The dried sample was dissolved in 0.1%
TFA and purified with ZipTip u-C18. Analiquot of the eluted
sample was analyzed by MALDI-TOF MS, and the rest was
applied to the following modification step.

Modification with 2,4-dinitrophenylhydrazine
Isolated C-terminal peptides were modified with DNPH
reagent. The eluted sample (Sul, in 50% acetonitrile
containing 0.05% TFA) was mixed with DNPH solution
(5pL, 1mg/mL in 50% acetonitrile containing 0.05% TFA)
and incubated at 37°C for 1h. The reaction mixture was
directly analyzed by MALDI-TOF MS.

MALDI-TOF MS

A matrix solution was prepared by dissolving 5mg of CHCA
or DHBA in 0.5 mL of 50% acetonitrile containing 0.05% TFA.
DHBA was used only for detecting the C-terminal peptide
from wy-casein. We used MDPNA as a matrix additive,
which was found to be an effective suppressor of alkali metal
adduct formation.'” MDPNA was dissolved in water to give
2% (w/w) solution. The sample solution, matrix solution and
MDPNA solution (0.5 pl. each) were mixed on the target
plate and air dried. MALDI-TOF mass spectra and tandem
mass spectra (post-source decay (PSD) mode) were recorded
on an AXIMA-CFR-Plus mass spectrometer or an AXIMA-
TOF (Shimadzu, Kyoto, Japan; Kratos, Manchester, UK).
The m/z values found in the mass spectra are observed
monoisotopic values of single positively charged ions,
whereas those in the tandem mass spectrum are averaged.
Theoretical monoisotopic masses for peptides and their
derivatives are in the text and legends.

Rapid Commiun. Mass Spectram. 2009; 23: 611-618
DOL 10,1002/ rem



RESULTS

Outline of the method

Figure 1 illustrates the general workflow for the method. The
protocol consists of the following five steps: (1) digestion of
proteins with lysyl endopeptidase (LysC); (2) transamination
of digested fragments; (3) treatment with DITC glass; (4) modi-
fication through hydrazone formation; and (5) MALDI-TOF MS
and MALDI-PSD analysis of the modified C-terminal
peptide.

LysC cleaves the peptide bond at the C-terminal side of the
lysine residue. Peptide fragments in LysC digests contain
lysine residues, with the exception of the C-terminal peptide.
Transamination converts the Namino group into the
carbonyl group (the N*-amino group is not affected). After
transamination, peptides have a free amino group in the
lysine side chain, but the C-terminal peptide has no
free amino group. DITC glass scavenges peptides having
free amino groups to leave the target C-terminal peptide in
the eluate.
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Figure 1. Schematic representation of the protocol for iso-
lating and modifying C-terminal peptides.
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The 1solated C-terminal peptide has an a-ketocarbonyl
group that reacts readily with hydrazine (hydroxylamine) to
form hydrazone (oxime). In this paper, we used DNPH reagent
to modify the transaminated C-terminal peptide. DNPH is well
known as a derivatizing reagent used for determining carbonyl
compounds in chromatography methods and has been used to
modify 4-hydroxy-2-nonenal-modified peptides for sensitive
detection by MALDI-MS*

Estimation of the transamination conversion
yield

The transaminated peptide was quantified via 2,4-dinitro-
phenylhydrazone formation according to the method
reported by Fields and Dixon.”' A model peptide (AAKI-
QASFRGHMARKK) was used for this purpose. The peptide
(Inmol) was treated in a pyridine solution containing
glyoxylic acid and CuSO; for 30 min at room temperature
and purified with ZipTip C18. After evaporation of the eluate
from ZipTip C18 to dryness using a vacuum centrifuge, the
dried material was dissolved in 4pl of DNPH solution
{25mM, in 1M HCl) and incubated for 30 min at 37°C.
The reaction mixture was then diluted to 50 uL and the
absorbance at 370nm was determined. The amount of the
transaminated peptides was calculated from the absorptivity
of pyruvoylglycine (&: 1.2 x 10°M 'em )"

Following this procedure, the conversion yield was
calculated to be 70%. This value is the total yield of the
three steps (transamination reaction, ZipTip treatment,
DNPH modification).

Model experiment using peptide mixture

To investigate the effectiveness of the method, we first
applied this strategy to a peptide mixture. The mixture
contained three peptides 1 VYIHPF ([M+H]: 7754), 2
MHRQETVDCLK-NH, (IM+H]*: 1358.7), and 3 AAKI-
QASFRGHMARKK ([M+H]": 1800.0). We used an equi-
molar mixture of these three peptides (100pmol each),
which constituted a model for a LysC digest of proteins,
LysC digestion produces peptide fragments having a
lysine residue, except for the C-terminal peptide. Hence,
peptide 1 corresponds to the C-terminal peptide, while the
other two are N-terminal or internal peptides. It was
expected that peptide 1 would be isolated after transam-
ination and treatment with DITC glass because only
peptide 1 is transformed to a peptide devoid of a free
amino group that would covalently attach to isothiocya-
nate groups on DITC glass beads, while the other two
peptides still contain &NH, that survived the transamin-
ation reaction and therefore would bind to the glass beads.
The mass difference between the peptides before and after
the transamination reaction is 1Da, which can be detected
by MS (Fig. 2).

The three peptides (100 pmol each) were dissolved in
10pL of a pyridine solution containing glyoxylic acid and
CuSO, and reacted for 30min at room temperature. The
reaction mixture was purified with ZipTip p-C18 and
applied to DITC glass. Figure 3(a) depicts the MALDI-TOF
mass spectra of the peptide mixture before the transam-
ination reaction. After transamination, the three peptides
were detected with a mass decrease of 1Da (Fig, 3(b)). As
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