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MALDI-ISD of peptides were studied using several salicylic acid derivatives, 2,5-dihydroxybenzoic acid (2,5-DHB),
5-aminosalicylic acid (5-ASA), 5-formylsalicylic acid (5-FSA), and 5-nitrosalicylic acid (5-NSA) as matrices. The difference in
the nature of the functional group at the 5-position in the salicylic acid derivatives can dramatically affect the ISD products.
The use of 2,5-DHB and 5-ASA leads to “hydrogen-abundant” peptide radicals and subsequent radical-induced N-C, bonds
cleavage. N-C, bond cleavage gave a ¢/z* fragment pair and radical z"-series fragments gain a hydrogen radical or react with
a matrix radical. In contrast, the use of 5-NSA resulted in the production of a “hydrogen-deficient” peptide radical that con-
tained a radical site on the amide nitrogen in the peptide backbone. Subsequently, the radical site on the amide nitrogen in-
duces C,-C bond dissociation, leading to a'/x fragment pair. The a’-series ions undergo further hydrogen abstraction to form
a-series ions after C,—~C bond cleavage. Since the Pro residue does not contain a nitrogen-centered radical site, C,~C bond
cleavage does not occur. Alternatively, the specific cleavage of CO-N bonds leads to a b"/y fragment pair at Xxx-Pro which
occurs via hydrogen abstraction from the C,~H in the Pro residue. The use of 5-FSA generated both a"/x- and c'/z"-series frag-
ment pairs. An oxidizing matrix provides useful complementary information in MALDI-ISD compared to a reducing matrix
for the analysis of amino acid sequencing and site localization in cases of phosphopeptides. MALDI-ISD, when used in con-
junction with both reducing and oxidizing matrices is a potentially useful method for de novo peptide sequencing.
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INTRODUCTION

Mass spectrometry (MS) represents a powerful analytical
tool that can be applied in a wide variety of scientific fields
because of its high sensitivity and ease of use. Of the soft
ionization methods, matrix-assisted laser desorption/ion-
ization (MALDI)'™ and electrospray ionization (ESI)** are
recognized as indispensable analytical methods for identi-
fying peptides and proteins. It is noteworthy that peptide-
mass fingerprinting (PMF) with MALDI-MS is now com-
monly used in the characterization of proteins,®” because
MALDI occurs without abundant fragmentation.

MALDI often can cause fragmentation during the desorp-
tion/ionization process, and fragmentation is observed as
either in-source decay (ISD)? or post-source decay (PSD).>1?
Both ISD and PSD have been used for the amino acid se-
quencing of peptides.''? ISD is a type of fragmentation that
occurs rapidly in the MALDI source, after the laser shot and
before ion extraction, while PSD involves the fragmentation
of metastable ions occurring in the field-free drift path in
a time-of-flight mass spectrometer. PSD fragment ions can
be revealed by reflectron time-of-flight mass spectrometer.
The mechanisms for ISD and PSD are different from each
other. In the case of PSD, a-, b- and y-series ions are mainly
observed and can be explained by vibrational activation
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processes.'” During the desorption/ionization process, the
excess energy deposited on peptide ions is converted into vi-
brational energy that is distributed over the entire molecule,
leading fragmentations. Because of this, fragmentation ef-
ficiency is decreased for large peptides and proteins due to
less energy received per degree of freedom. In addition, PSD
of phosphopeptides results in a loss of phosphate groups (80
and/or 98 Da) from protonated molecules.'® The phosphate
group in phosphopeptides is relatively labile to low-energy
cleavage that competes with backbone fragmentation. The
dominant loss of phosphoric acid(s) can be used as a specific
marker for the identification of a phosphopeptide, while it is
unfavorable for determining the location of phosphorylated
modification sites.

In contrast to PSD, specific N-C, bond cleavage at the
peptide backbone is associated with the MALDI-ISD pro-
cess.” Backbone cleavage by MALDI-ISD methods is mech-
anistically similar to that by electrospray ionization-based
radical-induced fragmentation methods, i.e., electron-cap-
ture dissociation (ECD)" and electron-transfer dissociation
(ETD)." Both ECD and ETD involve the association of elec-
trons with multiply protonated analytes. Protons bound to
the analyte are converted into hydrogen radicals via electron
attachment, and the resulting hydrogen radicals are then
transferred to backbone carbonyl oxygens with subsequent
radical-induced cleavage at N-C, bonds. In contrast to
ECD and ETD, MALDI-ISD is mediated by the attachment
of a hydrogen radical to a peptide.''” Such fragmentation
methods lead to the formation of “hydrogen-abundant”
peptide radicals and subsequent radical-induced N-C_, bond
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Scheme 1. Matrix materials for MALDI-ISD.

cleavage.

Two major strategies, i.e., “bottom-up” and “top-down”
approaches rely the analysis of proteins by mass spectrom-
etry. In the “bottom-up” approach, analyte proteins are
subjected to enzymatic digestion. The resulting digested
peptides are then analyzed by MALDI, followed by MS/MS
with collision induced dissociation (CID) or MALDI-PSD
for peptide sequencing. CID and MALDI-PSD are com-
monly available fragmentation methods that are applicable
to closed shell ions. In contrast, “top-down” approach is
used for the direct fragmentation of the intact protein in the
mass spectrometer without any enzyme digestion. CID and
MALDI-PSD are not applicable for a top-down approach,
due to the low fragmentation efficiency of large proteins. Al-
ternative fragmentation methods such as MALDI-ISD, ECD
and ETD leading to the fragmentation of radical ions, can
be used for the “top-down” approach for characterizing pro-
teins. The advantages in the “top-down” approach are high
throughput, straightforward methodology and the need for
a small amount of sample.'"? Additionally, they could be
useful methods for de novo protein sequencing, including
post-translational modifications.'s'?

In this review, we focus on the mechanisms of pep-
tide backbone cleavage in MALDI-ISD. The usefulness of
MALDI-ISD for the sequencing of phosphopeptides is also
discussed. It was recently reported that the choice of ma-
trix for MALDI-ISD can dramatically affect the observed
ISD fragment ions and the quality of the mass spectrum.
Matrices such as 2,5-dihydroxybenzoic acid (2,5-DHB),*”
5-aminosalycilic acid (5-ASA),*) 5-formyl salycilic acid (5-
FSA),”? 5-nitrosalycilic acid (5-NSA),*? 1,5-diaminonaph-
talene (1,5-DAN),?*?*¥ 2-aminobenzoic acid (2-AA),*” and
2-aminobenzamide (2-AB)* were previously reported to be
useful in efficiently inducing MALDI-ISD (the structures of
some common matrices are shown in Scheme 1).

EXPERIMENTAL

Analyte peptides were dissolved in water at a concentra-
tion of 20 pmol/uL. The matrices, 2,5-DHB, 1,5-DAN, and
5-NSA were dissolved in water—acetonitrile (1:1, v/v) with
0.1% TFA at concentration of 10 mg/uL. A volume of 0.5uL
of analyte peptide solution was deposited onto a MALDI
target, and 0.5uL of matrix solution was then added to the
target. After extensive mixing, the mixture was allowed to
dry in air at room temperature. 5-FSA was dissolved in ace-
tone at a concentration of 10mg/mL. A volume of 0.5uL of
analyte solution was deposited onto a stainless-steel MALDI
target and left to dry. After complete evaporation of the
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solvent, 0.5uL of a 5-FSA solution in acetone was deposited
on the dried peptides.

MALDI-ISD mass spectra were recorded using a MAL-
DI time-of-flight (TOF) mass spectrometer, AXIMA-CFR
(Shimadzu, Kyoto, Japan) equipped with a nitrogen laser
(337nm wavelength, 4ns pulse width, 10Hz pulse rate).
Ions generated by MALDI were accelerated through a 20kV
potential with delayed extraction. The analyzer operated in
the reflectron mode for standard peptides and in the linear
mode for S-casein tryptic peptides. A total of 500 shots were
accumulated for each mass spectrum.

Notation

We employed herein the unambiguous notation of
Zubarev in the naming of fragment ions.”® According to
this notation, homolytic C,~C bond cleavage yields the radi-
cal fragments a” and x°, and loss of a hydrogen radical from
an a’ or x° fragment produces an a or x fragment, respec-
tively. The product of a hydrogen radical transfer to an a” or
x" fragment is denoted as a’ and x/, respectively. Thus, a and
x fragments are 1.0078 Da smaller than a” and x* fragments,
respectively, and 4" and x' fragments are 1.0078 Da larger
than a" and x* fragments. Unless otherwise noted, all as-
signed peaks represent singly protonated molecules [M+H]*
in positive-ion mode and singly deprotonated molecules
[M—H]" in negative-ion mode.

Matrix effect on the ISD fragment ions

The choice of matrix is essential for ISD. The hydroxy-
benzoic acid derivatives seem to be one of the best matrix
candidate for the formation of ¢- and z'-series ions in
MALDI-ISD, and 2,5-DHB was far superior to other hy-
droxybenzoic acid derivatives.*” The 5-hydroxyl group
of 2,5-DHB plays an important role in the formation of
MALDI-ISD fragment ions.'*” Our focus was on the nature
of the functional group at the 5-position in salicylic acid
derivatives of the MALDI matrix.”” Figure 1 shows a com-
parison of positive-ion MALDI mass spectra of ACTH18-35
(RPVKVYPNGAEDESAEAF) obtained with four different
matrices 2,5-DHB, 5-ASA, 5-FSA, and 5-NSA. The use of
2,5-DHB and 5-ASA generated c-series ions accompanied
by a-series ions with a weak intensity (Figs. 1a and 1b). By
contrast, the use of 5-FSA generated both a- and c’-series
ions, and the abundance of c-series ions was less than that
of the a-series ions (Fig. 1c). 5-NSA generated a-series ions
with strong signal intensities and did not generate any c'-
series ions (Fig. 1d). These findings suggest that the differ-
ence in the nature of functional groups at the 5-position in
salicylic acid derivatives of the MALDI matrix can dramati-
cally affect the ISD products that are produced.

Hydroxyl groups and amino groups have hydrogen-
donating characteristics, while a nitro group has hydrogen-
accepting characteristics. The formyl group has both
hydrogen-donating and hydrogen-accepting characteristics.
This suggests that both hydrogen-donating and -accept-
ing properties are important factors for matrix, in terms
of the production of MALDI-ISD fragments. Hydrogen-
donating ability can be estimated by measuring the ability
to reduce disulfide bonds ***** (Scheme 2a). Figure 2 shows
positive-ion MALDI mass spectra of [Arg®]-vasopressin
(CYFQNCPRG-NH,), which contains a disulfide bond be-
tween Cysl and Cys6, using four different matrices, namely,
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Fig. 1. MALDI mass spectra of ACTH18-35 obtained with (a) 2,5-DHB, (b) 5-ASA, (c) 5-FSA, and (d) 5-NSA. The asterisk indicates PSD signal.

[Reproduced from ref. 22 with Copyright permission of Springer.]

2,5-DHB, 5-ASA, 5-FSA, and 5-NSA. The use of 2,5-DHB
or 5-ASA gave a high yield of the reduced ion [M+2H+H]",
while 5-FSA or 5-NSA gave moderate or low yields of this
species. The presence of a 5-hydroxyl group in 2,5-DHB and
a 5-amino group in 5-ASA appears to be advantageous for
the intermolecular hydrogen transfer from the matrix to
the analyte peptide. The order of hydrogen-donating abil-
ity was 5-ASA>2,5-DHB>5-FSA>5-NSA, suggesting the
hydrogen-donating property of the matrix is an important
factor in terms of the formation of ¢~ and z'-series ions. The
outstanding characteristics of the MALDI-ISD spectrum
obtained with 5-ASA compared with other matrices were
the high quality separation of isotope peaks of [M+H]" and
ISD ions, as shown in Fig. 2. The peak broadening originates
from the initial velocity dispersion of analyte and ISD ions.
The sharpness in the ion peaks in the MALDI-ISD spectra
with 5-ASA was maintained, even at higher laser fluence
which are suitable for the appearance of ISD ion peaks.
Therefore, using 5-ASA, the ISD ions could be clearly as-
signed, due to the decreased interference peak and the
sharpness of the ISD ion peaks in the MALDI-ISD spec-
trum.?"

In contrast, as shown in Fig. 2, the use of 5-FSA and
5-NSA gave dehydrogenated or oxidized [Arg®]-vasopressin
[M—H+H]". The oxidized product [M—H+H]" was also
observed in the MALDI mass spectra of other peptides. The
oxidized product [M—2H+H]" was formed by hydrogen
transfer from peptide molecules to the 5-formyl group in
5-FSA and the 5-nitro group in 5-NSA. The abstraction of
hydrogen from peptides to the matrix results in the forma-
tion of oxidized peptides bearing a radical site on the amide
nitrogen and subsequent radical-induced cleavage at C ~H
bonds, leading to the formation of [M—H+H]" (Scheme 2b).
The order of the ascertained hydrogen-accepting ability was
5-NSA>5-FSA>2,5-DHB=5-ASA=0. These findings, there-
fore, suggest that 5-FSA and 5-NSA form a- and x-series

© 2012 The Mass Spectrometry Society of Japan
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Fig. 2. Partial MALDI mass spectra of [Arg®]-vasopressin obtained
with (a) 2,5-DHB, (b) 5-ASA, (c) 5-FSA, and (d) 5-NSA.
[Reproduced from ref. 22 with Copyright permission of
Springer.]

ions via hydrogen abstraction.

MALDI-ISD via hydrogen attachment

In MALDI-ISD with 2,5-DHB and 5-ASA, N-C, bonds
are preferentially cleaved, leading to the formation of ¢-
and z-series ions via the attachment of hydrogen radicals
to carbonyl oxygens on the peptide backbone. The source
of the hydrogen radical involved in the MALDI-ISD was
investigated by using peptides and matrix that were both
labeled with deuterium.'®'” The results suggest that inter-
molecular hydrogen abstraction from the matrix to analyte
peptides occurred, resulting in the formation of c-series
ions. Consequently, MALDI-ISD is initiated by the transfer
of a hydrogen radical from an excited matrix molecule to
the carbonyl group on the peptide backbone, leading to a
“hydrogen-abundant” peptide.'®” The N-C, bond of the
peptide backbone is subsequently cleaved. Upon forming
this “hydrogen-abundant” peptide, two N-C_, bond cleavage
pathways giving either ¢/z" or ¢'/z’' fragment pairs are theo-
retically possible (Scheme 3). However, all ISD fragment ions
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Scheme 3. The formation of (a) ¢'/z' and (b) c/z" fragment pairs
originated from the cleavage of N-C_ bonds.

contain even-numbered electron, i.e., ¢- and z’-series ions.
Therefore, it is important to determine the mechanism of
cleavage that gives rise to the ¢- and z-series ions.

To address the most probable pathway for the formation
of ¢- and z'-series ions originating from the cleavage of N-
C, bond, MALDI-ISD experiments were conducted using
ACTHI18-35 (RPVKVYPNGAEDESAEAF) and [Arg"]-
ACTHI19-36 (PVKVYPNGAEDESAEAFR). The only dif-
ference between these peptides is the position of the Arg
residue. It has been previously reported that peptides con-
taining an Arg residue near the N-terminus preferentially
gave c-series ions, while the presence of an Arg residue at
the C-terminal favored the formation of z-series ions.””*¥
Figure 3 shows the comparison of positive-ion MALDI-ISD
spectra of ACTH18-35 and [Arglg]—ACTH19—36 obtained
with 5-ASA. The MALDI-ISD of ACTHI18-35 generates
exclusively c-series ions accompanied by a-series ions
with weak intensity. In contrast, MALDI-ISD spectrum of
[Arg"*]-ACTH19-36 showed z'- and y'-series ions. Interest-
ingly, the [z+5-ASA]-series ions were generated by the
recombination of z'-series ions with [5-ASA-H]", whereas
the matrix adducts bound to c-series ions were not observed
in the MALDI-ISD spectrum of ACTH18-35. It has also
been reported that the presence of matrix adducts bound to
z-series ions can be seen in the MALDI-ISD spectra when
2,5-DHBY or 1,5-diaminonaphtalene (1,5-DAN)*® was used
as a matrix. Therefore, we speculate that, in the MALDI-ISD
process, a ¢'/z" fragment pair is formed and subsequently the
z'-series ions gain a hydrogen radical or react with a matrix
radical (Scheme 4). The w-series ions were also observed
in the MALDI-ISD spectrum of [Arg'®]-ACTH19-36. The

© 2012 The Mass Spectrometry Society of Japan
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Fig. 3. Positive-ion MALDI-ISD mass spectra of (a) ACTH18-35
and (b) [Arg®]-ACTH19-36 with 5-ASA. The asterisk for
the z-series ions denotes the matrix adduct of the z-series
ions. [Modified from ref. 22 with Copyright permission of
Springer.]

w-series ions are formed by the C;~C, bond cleavage at the
side chain of the z"-series ions (Scheme 5). The w;, and w,, of
[Arg'®]-ACTH19-36 corresponding to Ala-Glu and Gly-Ala
bond cleavage, respectively, were absent. Since Gly and Ala
residues contain no C;~C, bonds, the formation of w frag-
ments is impossible. The z'-series fragments can undergo
radical reactions and subsequent degradation, because the
reactivity of z'-series radical fragments is higher than that
of c-series fragments.'”)

In contrast, the MALDI-ISD spectrum of ACTH18-35
showed a-series ions, except for the a, ion corresponding
to Gly-Ala bond cleavage. The ¢’-series ions may induce the
dissociation of C,-N bonds, leading to the production of
a-series ions with hydrogen transfer from the B-carbon?”
(Scheme 6). The a, ion was not observed in the cleavage at
the Gly-Ala bond due to lack of a f-hydrogen in the Gly
residue. The lack of an a ion at the C-terminal side of Gly
residue can be seen in previously reported MALDI-ISD
mass spectra.zo’m

The ¢; of ACTHI8-35 and z; of [Arg®]-ACTH19-36
corresponding to the Tyr-Pro bond cleavage were absent.
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Since Pro has a cyclic structure, the formation of the ¢’ and
Z' fragments originated from the cleavage of Xxx-Pro is im-
possible.

MALDI-ISD via hydrogen abstraction

In the case of MALDI-ISD with 5-NSA and 5-FSA, C,-C
bonds are preferentially cleaved, leading to the formation of
a- and x-series ions via the abstraction of a hydrogen radical
from the peptide backbone to the matrix.?” These MALDI-
ISD techniques share some similarities with negative-ion
electrospray based fragmentation techniques, such as elec-
tron detachment dissociation (EDD)* and negative electron
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Fig. 4. Partial MALDI-ISD spectra of (a) synthetic peptide RL-
GNQWAVGDLAE and (b) deuterium-labeled peptide
RLGNQWA(d,)VG(d,)DLAE with 5-NSA. [Reproduced from
ref. 22 with Copyright permission of Springer.]

transfer dissociation (NETD).>*® Both EDD and NETD in-
volve electron detachment from multiply deprotonated ana-
lytes [M—nH]"", forming a charge-reduced peptide anion
[M—#nH]" D~ that contains a radical site on the carboxyl
group of the side chain or at a C-terminal carboxyl group.
Subsequently, a nitrogen-centered radical product is formed
via hydrogen transfer from the backbone amide nitrogen to
the radical site on the carboxyl group. The radical site on the
amide nitrogen induces dissociation of the C,~C bond.

To ascertain the most probable pathway for the formation
of a-series ions in MALDI-ISD with 5-NSA, a synthetic pep-
tide (RLGNQWAVGDLAE) and a deuterium-labeled peptide
(RLGNQWA(d,)VG(d,)DLAE) were used with 5-NSA as
the matrix.?”? The deuterium labeled peptide contains Ala7
(C4D;) and Gly9 (C,D,). As shown in the a, ion region of
the mass spectra, a mass shift of 5 Da was observed in these
a, products (Fig. 4). The mass shift is consistent with the
number of deuterium labels in the Ala7 (C4D,) and Gly9
(C,D,). No evidence of the formation of a ay—d, as the result
of the abstraction of a deuterium from the a-carbon (C,D,)
at Gly9 was observed. This indicates that the a-series ions in
the MALDI-ISD spectra with 5-NSA are formed via the ab-
straction of the amide hydrogen on the peptide backbone, as
shown in Scheme 7. The mechanism of C,~C bond cleavage
of peptide backbone in MALDI-ISD is described below.

To ascertain the most probable pathway for the formation
of a- and x-series ions that originate from the C,-C bond
cleavage, a Pro-rich sequence peptide bradykinin potentia-
tor B (Pyr-GLPPRPKIPP) was used in MALDI-ISD experi-
ments.*” The positive-ion MALDI-ISD spectrum of bradyki-
nin potentiator B with 5-NSA included both a- and x-series
ions (Fig. 5). However, the x, and x, ions derived from the
cleavage of the C,~C bonds at Xxx-Pro were absent, because
Pro residue has no nitrogen-centered radical site. C,-C
bond cleavage at Xxx-Pro and Pro-Xxx bonds would lead
to a/x" and a’/x fragment pairs, respectively (Scheme 8). The
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inated from the cleavage of C,-C bonds at Pro residue.

absence of x-series ions from the cleavage of C,—~C bonds at
Xxx-Pro in Fig. 5 indicates that fragmentation leading to an
alx" fragment pair does not occur (Scheme 8b). An ab initio
calculation showed that the energy barrier for the forma-
tion of an a’/x fragment pair is lower and that formation
of an a’/x fragment pair is more favorable than that of an
a/x" fragment pair.’**® Therefore, the proposed C,~C bond
cleavage mechanism (Scheme 7) is supported by the ab initio
calculation. However, radical fragment a’-series ions were
not observed in MALDI-ISD spectra when 5-NSA was used,
and instead a-series ions were detected. It is likely that the
amounts of exited 5-NSA molecules and 5-NSA radicals in
the MALDI plume are sufficient to form a-series ions via the
further hydrogen abstraction after the C ,—C bond cleavage.
The MALDI-ISD of bradykinin potentiator B did not pro-
duce x-series ions originating from the cleavage of Xxx-Pro
bonds but, instead, y-series ions were produced (Fig. 5).
Additionally, b-series ions originated from the cleavage at
Xxx-Pro bonds were observed as well as a-series ions. The
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Fig. 6. Positive-ion MALDI mass spectrum of [Sar’, Met(O,)"]-
substance P with 5-NSA. [Reproduced from ref. 31 with
Copyright permission of John Wiley and Sons.]

cleavage of the CO-N bond at Xxx-Pro to form b- and y-
series ions may occur with hydrogen abstraction from the
C,-H bond at a Pro residue (Scheme 9). In contrast, x-series
ions arising from the cleavage at Xxx-Pro in the MALDI-
ISD spectrum of bradykinin potentiator B were absent,
whereas their counterpart a-series ions were observed (Fig.
5). These a-series ions may be derived from the cleavage of
Xxx-Pro peptide bonds (Scheme 9).

To ascertain the most probable pathway for the forma-
tion of b- and y-series ions originating from the cleavage
of Xxx-Pro bonds, [Sar’, Met(O,)""]-substance P was used
for the MALDI-ISD with 5-NSA as the matrix.”’ The Sar
residue (N-methyl glycine residue) does not contain a hydro-
gen radical at the amide portion on the peptide backbone.
The MALDI mass spectrum of [Sar’, Met(O,)""]-substance
P also showed the preferential production of a-series ions,
and a by ion was observed as well (Fig. 6). This indicates
that the b, ion of [Sar’, Met(O,)""]-substance P is formed
via the abstraction of a hydrogen from the C,-H in the
Sar residue. The abstraction of hydrogen from the C,~H in
Pro and Sar residues results in the formation of a carbon-
centered radical with subsequent radical-induced cleavage
at CO-N bond, leading to the formation of b- and y-series
ions (Scheme 10). Although a nitrogen-centered radical at
Sar residue is not formed, the ay ion of [Sar’, Met(O,)"]-
substance P is still observed. No evidence was found for
the production of x-series ions originating from a cleavage
at Xxx-Pro in the MALDI-ISD spectrum of bradykinin
potentiator B, whereas the counterpart a-series ions were
observed (Fig. 5). These results suggest that the a-series
ions originating from the cleavage of Xxx-Pro and Xxx-Sar
are formed by the further degradation of b’-series ions
(Schemes 9 and 10), indicating the competitive formation of
b- and a-series ions from b’-series ions during MALDI-ISD
via hydrogen abstraction.
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Fig. 7. Positive-ion MALDI-ISD spectra of mono-phosphopeptide
(FQpSEEQQQTEDELQDK) obtained with (a) 1,5-DAN and
(b) 5-NSA. Asterisk indicates matrix peaks. [Reproduced
from ref. 34 with Copyright permission of John Wiley and
Sons.]

MALDI-ISD of phosphorylated peptides

The utility of MALDI-ISD for the sequencing of phos-
phopeptides is discussed in this section.*” We chose bo-
vine ff-casein tryptic peptides as model phosphopeptides,
because they have frequently been used for evaluating the
performance of MS instruments. In this experiment, the
p-casein was digested with trypsin and the resulting phos-
pholylated tryptic peptides were isolated from the digest by
TiO,-based enrichment according to previously published
protocol.’® The tryptic digestion of B-casein produces two
phosphopeptides, the 1-25 peptide containing four phos-
phate groups at Serl5, Serl7, Serl8, and Ser19 (RELEELN-
VPGEIVEpSLpSpSpSEESITR, monoisotopic mass=3121.3)
and the 33-48 peptide containing one phosphate group
at Ser35 (FQpSEEQQQTEDELQDK, monoisotopic mass=
2060.8). Subsequently, these phosphopeptides were isolated
prior to MALDI-ISD analysis.

To determine the site of phosphorylation, we analyzed
the phosphopeptides by MALDI-ISD using three different
reducing matrices, 2,5-DHB, 5-ASA, and 1,5-DAN. 1,5-
DAN was found to be a better matrix than 2,5-DHB and
5-ASA for the analysis of S-casein tryptic phosphopeptides.
Therefore, 1,5-DAN was used as the reducing matrix for
MALDI-ISD in this experiment. Figure 7 shows a com-
parison of positive-ion MALDI mass spectra of an isolated
mono-phosphopeptide with different matrices 1,5-DAN and
5-NSA. MALDI-ISD occurs independently of the ionization

© 2012 The Mass Spectrometry Society of Japan

Vol. 1 (2012), AO002

N-terminal information

F|31 T R
CH_ _N A45 __CH
| a-series
H _ OH
c’-series
C-terminal information
0 0
! .
Hz?/ AN A41 C|)|/ \ClH/ N
R, o) R,
Z/-series xX-series

Scheme 11. Structure of ISD fragments.

processes,””*® so that a charge site on the ISD fragments

is necessary for them to be observed in the mass spec-
trum. The mono-phosphopeptide having a basic N-terminal
amino group and Lys residue at the C-terminus would be
expected to give both N- and C-terminal positive fragment
ions in ISD experiments. The use of 1,5-DAN generated
¢- and z'-series ions accompanied with y'-series ions with a
weak intensity (Fig. 7a). In MALDI-ISD with 1,5-DAN, the
peptides principally cleave at the N-C, bond on the pep-
tide backbone without degradation of the phosphate group
(Scheme 4), thereby allowing the location of the phosphory-
lation site to be determined. The mass difference of 167 Da
between z;; and z;, can be assigned to a phosphorylated Ser
residue. However, the resulting z'-series ions are difficult to
identify, due to interference by ¢’- and y"-series ions and ions
from contaminants. MALDI-ISD does not allow precursor
ion selection, therefore the presence of contaminants severe-
ly interferes with the interpretation of the mass spectrum.

To avoid misinterpreting ISD fragment ions, we used the
5-NSA as a matrix in the MALDI-ISD experiment described
below. The use of 5-NSA generated the a- and x-series ions
originating from cleavage at the C,~C bond on the peptide
backbone (Scheme 7). The MALDI-ISD spectrum showed
x-series ions with phosphate groups intact (Fig. 7b). The
x-series ions in MALDI-ISD with 5-NSA provide useful in-
formation that was complementary to MALDI-ISD with 1,5-
DAN. The z’-series ions are 41 Da smaller than the x-series
ions, as shown in Scheme 11. Therefore, the z’-series ions in
the MALDI-ISD spectrum with 1,5-DAN could be identi-
fied by comparing the peaks with those for x-series ions
(Fig. 7). The site of phosphorylation was determined by the
ISD fragment z//z;, and x,/x,, with 1,5-DAN and 5-NSA,
respectively (Fig. 7). The MALDI-ISD spectra with 1,5-DAN
and 5-NSA permitted Ser35 to be unambiguously identified
as the phosphorylation site.

We next examined a tetra-phosphopeptide. The positive-
ion MALDI-ISD spectra of an isolated tetra-phosphopeptide
obtained with 1,5-DAN and 5-NSA are shown in Fig. 8.
The tetra-phosphopeptide having Arg residues at both the
N- and C-termini would give rise to N- and C-terminal side
fragment ions in the positive-ion MALDI-ISD experiments.
However, ¢’-series ions (Fig. 8a) and a-series ions (Fig. 8b)
were found to be dominant. It is likely that the presence of
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Fig. 8. Positive-ion MALDI-ISD spectra of tetra-phosphopeptide
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1,5-DAN and (b) 5-NSA. Asterisk indicates matrix peaks.
[Reproduced from ref. 34 with Copyright permission of John
Wiley and Sons.]

an N-terminal Arg residue facilitates the protonation reac-
tion compared with the C-terminal Arg residue.*® The use
of 1,5-DAN generated c-series ions with a small amount of
a-series ions, which were derived from the degradation of
c-series ions via a hydrogen transfer from the f-carbon.?”
In contrast, the use of 5-NSA generated a-series ions, but the
S/N ratio was found to be somewhat poor. Although all the
c-series ions (Fig. 8a) and a-series ions (Fig. 8b) containing
modified residues retained all the four phosphate residues,
identifying the sites of phosphorylation was difficult due
to interference by contaminants. As described above for
the mono-phosphopeptide, the use of 5-NSA provides use-
ful complementary information to the MALDI-ISD with
1,5-DAN for the identification of ISD fragment ions. As
shown in Fig. 8, the c-series ions which are 45Da larger than
a-series ions are implicitly identified (Scheme 11). In par-
ticular, the a,q, a,y, and, a,; ions which contain all the four
phosphate residues provide complimentary information to
MALDI-ISD with 1,5-DAN for site determination, and thus,
the precise determination of Serl5, Serl7, Serl8, and Ser19 as
the sites of phosphorylation in f-casein were accomplished
by combining information from both MALDI-ISD of the
tetra-phosphopeptide with 1,5-DAN and 5-NSA. The use of
MALDI-ISD with reducing and oxidizing matrices could be
a useful method for the de novo sequencing of peptides.

ECD and EDD have been demonstrated to fragment the
same phosphopeptides at the concentrations used in our
experiments (5pmol/uL).*” The ECD spectra provided se-
quence information and phosphorylated sites, while EDD
provided very limited sequence information because of its
low fragmentation efficiency.*” In a comparison of ECD and
MALDI-ISD with a reducing matrix, ECD involves the addi-
tion of electrons to multiply protonated analytes, which are
not often produced in the MALDI process. ECD spectra of
the triply-protonated f-casein phosphopeptides shows both
c- and z'-series ions. The electron capture of [M-+3H]**
results in a charge-reduced peptide cation [M+3H]*** and
subsequently the radical-induced cleavage of N-C, bonds.
This suggests that the N-C, bond cleavage of [M+3H]**
produced singly-charged ¢’- and z"-series ions. In the case of
MALD]I, singly-charged analytes are mainly observed and
the presence of the basic amino acid residue contributes to
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enhance the yields of protonated molecules.’® Therefore,
a basic amino acid residue in an ISD fragment is required
for them to be observed in the MALDI-ISD mass spectrum.
ECD spectra usually gave more sequence information com-
pared with MALDI-ISD with reducing matrix. By contrast,
MALDI-ISD spectra were simpler than ECD spectra and
ISD ions could be easily assigned. In a comparison of MAL-
DI-ISD with 5-NSA and EDD, the MALDI-ISD spectra of
B-casein phosphopeptides produced using 5-NSA as the ma-
trix, compared with EDD spectra gave more sequence infor-
mation and a higher S/N ratio of fragment ions. Therefore,
the fragmentation efficiency of MALDI-ISD with 5-NSA was
better than that of EDD.

CONCLUSION

MALDI-ISD of peptides was studied using several sali-
cylic acid derivatives as matrices. The difference in the type
of functional group at the 5-position in the salicylic acid
derivatives can dramatically affect the ISD products. The hy-
drogen-donating ability of the matrix is a prominent factor
in the generation of ¢~ and z-series ions in MALDI-ISD. The
presence of a 5-hydroxyl group in 2,5-DHB and a 5-amino
group in 5-ASA likely enhances to their hydrogen-donating
nature. MALDI-ISD with 2,5-DHB and 5-ASA is initiated
by the transfer of hydrogen from excited matrix molecules
to the carbonyl oxygen of the peptide backbone, leading to a
“hydrogen-abundant” peptide. Subsequently, the ¢/z" frag-
ment pair is formed by the radical-induced cleavage at N-C,
bonds. The z'-series fragments can undergo radical reac-
tions to form the z"-, [z+matrix]- and w-series ions, because
z"-series radical fragments are more reactive than c’-series
fragments.

In contrast, the hydrogen-accepting nature of a matrix
is an important factor for the generation of a- and x-series
ions. The use of 5-NSA gave high ion yields of the oxidized
ion [M-2H-+H]". MALDI-ISD with 5-NSA is initiated by a
hydrogen transfer from an amide nitrogen of the peptide
backbone to the matrix molecule. The abstraction of hy-
drogen from peptides results in the formation of oxidized
peptide molecules containing a radical site on the amide
nitrogen with subsequent radical-induced cleavage at the
C,-C bonds, leading to the formation of an a’/x fragment
pair. The a’-series ions undergo further hydrogen abstrac-
tion to form a-series ions after C,~C bond cleavage. The spe-
cific cleavage of the CO-N bond at Xxx-Pro and Xxx-Sar
was observed via hydrogen abstraction from the C,-H in
Pro and Sar residues. The CO-N bond cleavage leads to the
formation of a b*/y fragment pair and the b*-series ions un-
dergo further degradation to form b- and a-series ions after
the CO-N bond cleavage.

MALDI-ISD with 5-FSA gave both a’/x and ¢’/z* fragment
ions because 5-FSA has both hydrogen-donating and hydro-
gen-accepting properties. The use of the matrices described
above gave ISD fragment ions without the loss of phosphoric
groups in MALDI-ISD experiments of phosphopeptides. The
use of oxidizing matrices can provide useful complementary
information related to amino acid sequencing and site of
post translational modifications in peptides. The MALDI-
ISD with reducing and oxidizing matrices are a potentially
useful method for the de novo sequencing of peptides.
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