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Figure 2. Transamination reaction of peptide VYIHPF (10 pmol, [M+-H]*: 775.4) and its MALDI-TOF mass spectra before

(a) and after (b) the transamination reaction.

expected, only peptide 1 was recovered after treatment of
the chemically modified mixture with DITC glass (Fig. 3(c)).
Thus, the peptide having only an a-amino group, which
was a model for the C-terminal peptide, was successfully
isolated by the protocol. Hence, we next extended this
protocol to proteins.

Application to proteins

Processing protein samples separated by 2D-PAGE, which is
conventionally used for proteome analysis, would be a practical
application for this protocol. Therefore, in this experiment, 1D-
gel-separated proteins were used as starting samples.

Three model proteins (pig albumin, bovine cathepsin B,
and bovine a-casein, all gel-separated, 30 pmol each) were
chosen to test the protocol. These proteins were digested
with LysC followed by transamination (Figs. 4(a), 4(c)
and 4(e)) and treatment with DITC glass (Figs. 4(b), 4(d)
and 4(f). Figures 4(a) and 4(b) depict the results of pig
albumin. The C-terminal peptide (F'VIEIRGILA, [M+H]":
1130.7; the superscript ‘t’ indicates transaminated residue)
was detected after the transamination reaction (Fig. 4(a),

Copyright © 2009 John Wiley & Sons, Lid.

arrow), but the signal of the peptide was weaker than other
fragment signals. After treatment of the reaction mixture
with DITC glass, the C-terminal peptide was selectively
recovered (Fig. 4(b)). Figures 4(c) and 4(d) illustrate the
results for bovine cathepsin B. The C-terminal peptide of
bovine cathepsin B  (I'LRGQDHCGIESEIVAGMFCT,
IM-+H]": 2342.1) was isolated after treatment of the reaction
mixture with DITC glass (Fig. 4(d)). Figures 4(e) and 4(f)
depict the results for bovine a-casein which consists of two
components, 51 and S2. The C-terminal peptides of bovine
o-casein (T'TMPLW, [M+H]*:7474 from S1, V'IPYVRYL,
[M+H]":1021.6 from 52) were isolated after treatment of the
reaction mixture with DITC glass (Fig. 4(f)). In this case the C-
terminal peptide from S2 was clearly detected using CHCA
but not detected with DHBA as a matrix. In contrast, the
isolated peptide from S1 was not detected using CHCA but
with DHBA as a matrix (Fig. 4(f), inset).

Thus, it was demonstrated that the method can be applied
to in-gel samples of proteins and that it can be comple-
mentarily used with the previously described method
employing TMPP-Ac reagent.”

Rapid Commun, Mass Spectrom, 2009, 23: 611-618
DO1: 10,1002/ rem



(a) 3
16800.2
100
"
-
" 2
. 1358 8
= 1
e 7754
»
=
" J
o A L il "
WO ) W00 100 M) MM W00 200 2m0 Mo
miz
b
{ ) T74.4
100 1
L
L
0.
w0
0 | 2 3
| 1357.9 17993
an
2.
0.
1w
" - T R = e "5 . = nn |
ma
(© 7744 1
007
»
[
e
.
-
.
b -
201
"
Ll - T = 20
mi

Figure 3. MALDI-TOF mass spectra of three-peptide mixture
(a), after the transamination reaction (b) and after treatment
with DITC glass (c). The three peptides are as follows:
(1) VYIHPF ([M+H]': 775.4), (2) MHRQETVDCLK-NH,
([M+H]*: 1358.7), and (3) AAKIQASFRGHMARKK ([M-+H]*:
1800.0). An aliquot (ca.10 pmol) of mixture was loaded on the
target plate.

Modification of isolated C-terminal peptides
This method has the advantage that the isolated C-terminal
peptide is open to introduction of virtually any type of
functionality because it incorporates an a-ketocarbonyl
group at its N-terminus that can accept nucleophilic attack.
As an example, we applied DNPH modification to the
isolated C-terminal peptide of asy-casein (Fig. 5). The isolated
C-terminal peptide was successfully modified with DNPH
(Fig. 5(b)) and sequenced by MS (Fig. 5(c)).

Copyright { 2009 John Wiley & Sons, Lid.
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DISCUSSION

It has been reported that some, but not all, N-terminal
residues can be transaminated.'''*'® We examined the
reactivity towards transamination of all 20 amino acid
residues by using commercially available peptides. Sixteen
of twenty residues (glycine, alanine, valine, leucine, iso-
leucine, phenylalanine, tyrosine, arginine, glutamic acid,
glutamine, serine, threonine, asparagine, methionine,
cysteine’ (*: the SH group in the N-terminal cysteine residue
was alkylated with iodoacetamide), and lysine) were
transaminated, and peaks with a decrease of 1 m/z unit were
detected (data not shown). For peptides having threonine,
asparagine, cysteine’, or lysine residues at their N-termini,
the signals of transaminated peptides were weak. Peptides
incorporating histidine, tryptophan or proline residues at
their N-termini afforded no transaminated product. How-
ever, such incompleteness of the reaction for peptides
incorporating one of those seven residues (threonine,
asparagine, cysteine’, lysine, histidine, tryptophan, or pro-
line) at their N-termini does not affect the effectiveness of the
method itself, because all peptides other than C-terminal
peptides of proteins, which have lysine residues at their
C-termini after LysC digestion, are depleted by DITC glass
treatment whether or not their lransamination reactions have
proceeded to completion (data not shown). However, if a
target C-terminal fragment of a protein has one of the three
residues (threonine, asparagine or cysteine”: lysine residue is
not placed at its N-terminus in this protocol) at its
N-terminus, the signal in the mass spectrum can be detected
but is weak after DITC depletion. For a C-terminal peptide
having histidine, tryptophan or proline at its N-terminus, an
orthogonal method should be employed. ™

Optimized conditions or alternative routes to yield an
a-ketocarbonyl group for peptides with these no-yield and
low-yield residues should be exploited. For threonine and
serine residues, there is an alternative technique that
employs periodate oxidation.™

Dangers of side reactions have been mentioned in previous
reports. 131817 Peaks with a 56 and 74 Da increase were
mainly detected among by-product peaks in the mass
spectra. These by-products can generally form from almost
all amino acid residues except for proline residues (data not
shown). The mass increase of 56Da may indicate the
formation of a Schiff base with glyoxylate, and the increase
of 74Da can be explained by the addition of glyoxylate
(before dehydration to the Schiff base). For the peptides
containing aspartic acid at their N-terminus, the transam-
ination reaction was incomplete although a 45-Da lighter
species was detected as the principal species, which was
attributed to the decarboxylated product'® This peak
corresponds to that with an alanine residue at its
N-terminus, so care should be taken of this special case.

The complexity of the mass spectrum that arose from the
formation of these by-products was alleviated by DNPH
modification. Figure 6 presents an example. A peptide
incorporating an N-terminal serine residue (SFLLR) produced
several by-products under this protocol (Fig. 6(a)). However,
after DNPH modification, the modified peptide was selectively
detected and the spectrum was simplified (Fig. 6(b)).
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Figure 4. MALDI-TOF mass spectra of LysC digests after the transamination reaction (a, ¢, &) and after treatment with
DITC glass (b, d, ). Three model proteins were used: pig albumin (a, b), bovine cathepsin B (¢, d), and bovine «-casein
(e, f). Forbovine a-casein, two C-terminal peptides were isolated ([M+H]": 1021.06 from S2 and [M+H)": 747.4 from S1
(: inset)). Arrows indicate the peaks of C-terminal peptides. An aliquot (ca. 3 pmol of digest) was loaded on the target

plate.

It was reported that DNPH modification of peptides
and use of DNPH as a matrix for MALDI-MS
increase sensitivity.”” With the experiment using the
peptide (SFLLR, [M+H]™: 6354), the signal intensity
of the modified peptide was enhanced. Successful
application of the DNPH modification technique to
transaminated peptides was thus demonstrated. This is

Copyright © 2009 John Wiley & Sons, Ltd.

partly explained by the higher affinity of DNPH-deriva-
tized peptides for the DNPH matrix and structural
similarity between derivatized peptides and the matrix.?®
It was reported that a nitrobenzene derivative functions as
a matrix in MALDI-MS for selectively detecting
2-nitrobenzenesulfenyl-modified peptides and nitrotyro-
sine-containing peptides.™
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Figure 5. MALDI-TOF mass spectra of the isolated C-terminal peptide of ws,-casein (a), after
modification with DNPH reagent (b), and tandem mass spectrum (PSD mode) (c). An aliquot (ca.
3pmol of digest) was loaded on the target plate. The b;+H,0 lon arises from the loss of the C-

terminal amino acid residue.*

The transamination reaction introduces a reactive carbonyl
group into the peptide, It is beneficial for following chemical
modifications because the resulting carbonyl group serves as a
nucleophilic acceptor, whereas it increases the risk of undesired
reactions, such as aldol reaction,'®!” during subsequent steps.
These undesired reactions can be minimized by the hydrazone
or oxime formation just after the transamination reaction. This
improved protocol is now under investigation.

In cases where proteins have a C-terminal lysine residue,
the mass spectrum shows no peptide-derived signal because
their C-terminal peptides, as well as internal peptides, are
bound to DITC glass. This, in turn, suggests that the
C-terminal residue can be lysine if no signal is observed in
mass analysis. As mentioned already, the transamination
reaction gives a couple of by-products which mainly derive
from the addition reaction between the o-amino group of the
peptide and the aldehyde group of glyoxylate. However, a
C-terminal peptide whose N-terminus is proline gives no

Copyright (© 2009 John Wiley & Sons, Lid.
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transaminated product and no adducts, which leaves the
secondary amino group at the o-position intact (data not
shown). Hence, in this case, the mass spectrum shows no
peptide-derived signal as well. Therefore, if no signal is
observed in the mass spectrum after the protocol, the
C-terminal residue of a protein of interest can be lysine, or a
C-terminal peptide whose N-terminus is proline.

For identification of proteins, N- or C-terminal analysis
gives more reliable results than conventional methods such
as peptide mass fingerprinting (PMF) or peptide fragment
fingerprinting (PFF).2**® Hence, if the C-terminal analysis
fails, N-terminal analysis can be complementarily used for
this purpose 2>

The N-terminus of a protein plays an important role as
well® As with C-terminal analysis, N-terminal structural
determination serves for the analysis of post-translational
modification and protein identification. We developed an
N-terminal analysis method® by slightly modifying the method
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Figure 6. MALDI-TOF mass spectra of peptide SFLLR (10 pmol, [M-+H] :
635.4) after the transamination reaction, The transaminated product
(10pmol, [M+H]': 634.4) was detected along with accompanying by-
products (a), whereas the DNPH-modified product (10pmol, [M+H] :
814.4) was mainly detected after the reaction (b).

for C-terminal analysis by just switching protease from LysC to
Grifola frondosa metalloendopeptidase™ " (LysN). We are now
studying N-terminal-specific isolation and sequencing by the
transamination reaction (to be published elsewhere).

CONCLUSIONS

Isolation and sequencing of C-terminal peptides of proteins
and their modification with DNPH were successfully
performed. As far as we know, this is the first report of
application of the transamination reaction to C-terminal
analysis of protein by MS,

Owing to the a-diketone moiety, virtually any functionality
can be introduced into the isolated C-terminal peptide.
Therefore, C-terminal peptides isolated by this method can
serve fora wide range of spectroscopic detection methodology.

REFERENCES
1. Chung]J], Shikano S, Hanyu Y, Li M. Trends Cell Biol. 2002; 12:
146,

. Han X, Jin M, Breuker K, McLafferty EW. Science 2006; 314:
109

. Nakazawa T, Yamaguchi M, Okamura T, Ando E, Nishi-
mura O, Tsunasawa S. Proteomics 2008; 8: 673.

. Samyn B, Se
Nat. Methods

6. Panchaud A, Guillaume E, Affolter M, Robert F, Moreillon P,
Kussmann M. Rapid Commun. Mass Spectrom. 2006; 20: 1585.

7. Ku H, Shima K, Sonomura K, Yamaguchi M, Ando E,
Nishimura O, Tsunasawa S. Proteomics 2&1&; 8: 1539,

8. Kuyama H, Sonomura K, Nishimura O, Tsunasawa S. Asal.

9,

0.

1

2
3. Suc.kau D, Resemann A. Anal. Chem. 2003; 75: 5817.
'
5

ant K, Castanheira P, Faro C, Beeumen JV.
; 2: 193,

Biochem. 2008; 380: 291,

. Nishimura O, Suenaga M, Ohmae H, Tsuji S, Fujino M. Chent.
Commun. 1998; 1135.

. Dixon HBF. Biochem. . 1964; 92: 661.

. Dixon HBF, Fields R. Methods Enzymol. 1972; 25: 409.

Copyright & 2009 John Wiley & Sons, Lid.

12. Duan X, Zhao Z, Ye |, Ma H, Xia A, Yang G, Wang CC.

Angew. Chem. Int. Ed. 2004; 43: 4216.

Gilmore JM, Scheck RA, Esser-Kahn AP, Joshi NS, Francis

MB. Angew. Chem. Int. Ed. 2006; 45: 3307.

Scheck RA, Francis MB. ACS Chem. Biol. 2007; 2: 247,

Sasaki T, Kodama K, Suzuki H, Fukuzawa S, Tachibana K.

Bioorg. Med. Chem. Lett. 2008; 18: 4550.

. Papanikos A, Rademann ], Meldal M. /. Am. Chem. Soc. 2001;
123: 2176.

Kawakami T, Hasegawa K, Teruya K, Akaji K, Horiuchi M,
Inagaki F, Kurihara Y, Uesugi 5, Aimoto 5. J. Peptide Sci. 2001;
7: 474.

i Wacl;ter E, Machleidt W, Hofner 1, Otto ]. FEBS Lett. 1973;
35:97.

. Kuyama H, Sonomura K, Nishimura O, Rapid Commun. Mass
Spectrom. 2008; 22: 1109,

. Fenaille F, Tabet JC, Guy PA. Anal. Chem. 2004; 76: 867,

. Fields R, Dixon HBF. Biochem. |. 1971; 121: 587.

Dixon HBF, Weitkamp LR. Biochem. |. 1962; 84: 462.

. MatsuoE, Toda C, Watanabe M, Ojima N, [zumi S, Tanaka K,

Tsunasawa S, Nishimura O. Proteomics 2006; 6: 2042.

. Wilkins MR, Gasteiger E, Tonella L, Ou K, Tyler M, Sanchez
JC, Gooley AA, Walsh BJ, Bairoch A, A ﬁl RD, Williams
KL, Hochstrasser DF. J. Mol. Biol. 1998; F : 599.

. Schandorff S, Olsen ]V, Bunkenborg ], Blagoev B, Zhang Y,
Andersen ]S, Mann M. Nat. Meﬂwtg 2007; 4: 465.

- Yamaguchi M, Obama T, Kuyama H, Nakayama D, Ando E,
Okamura T, Ueyama N, Nakazawa T, Norioka 5, Nishimura
;)3.2; a S. Rapid Ci Mass Spectrom. 2007; 21:

. Yamaguchi M, Nakayama D, Shima K, Kuyama H, Ando E,
Okamura T, Ueyama N, Nakazawa T, Norioka S, Nishimura
O, Tsunasawa S. Rapid Commun. Mass Spectrom. 2008; 22:
3313.

. Guillaume E, Panchaud A, Affolter M, Desvergnes V, Kuss-
mann M. Proteomics 2006; 6: 2338,

. Nonaka T, Ishikawa H, Tsumuraya Y, Hashimoto Y, Doh-
mae N, Takio K. J. Biochem. 1995; 118: 1014.

. Nonaka T, Hashimoto Y, Takio K. |. Biochem. 1998; 124: 157

. Hori T, Kumasaka T, Yamamoto M, Nonaka T, Tanaka N,
Hashimoto Y, Ueki T, Takio K. Acta Crysmﬂ'ug?. 2001; D57:
361

13.

14.
15,

. Gonzalez ), Besada V, Garay H, Reyes O, Padron G, Tambara
Y, Takao T, Shimonishi Y. |. Mass. Spectrom. 1996; 31: 150.

Rapid Commun, Mass Spectrom. 2009; 23: 611-618
DOl 101002/ rem

—103—



