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In-source decay (ISD) is a rapid fragmentation occurring in the matrix-assisted laser
desorption/ionization (MALDI) source before the ion extraction. Despite the increasing
interest for peptides de novo sequencing by ISD, the influence of the matrix and of the
peptide itself is not yet fully understood. Here we compare matrices with high ISD
efficiencies to gain deeper insight in the ISD fragmentation process(es). The major ISD
fragments are the c- and z-ions, but other types of fragments are also observed, and their
origin is studied here. Two main pathways lead to fragmentation in the source: a
radical-induced pathway that leads to c¢-, z-, w-, and d-ions, and a thermally activated
pathway that leads to y-, b-, and a-ions. A detailed analysis of the ISD spectra of selected
peptides revealed that (1) the extents of the two in-source pathways are differently favored
depending on the matrix used, that (2) the presence of a positive/negative charge on the
radical-induced fragments is necessary for their observation in positive/negative mode,
respectively, and that (3), for a same peptide, the patterns of the different types of

fragments differ according to the matrix used.
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atrix-assisted laser desorption/ionization
M(MALDI) [1-3] is a widely used technique for
the analysis of biopolymers [4-9], especially
peptides and proteins. In-source decay (ISD) [10, 11] is
a fragmentation occurring in the MALDI source, rap-
idly after the laser shot and before the ion extraction.
ISD fragments are therefore detected at the correct m/z
ratios in MS mode. On the contrary, fragments formed
after the ion extraction are not resolved in MS mode,
and can only be revealed by MS/MS in dual stage
time-of-flight instruments [12], or by a stepwise lower-
ing of the reflectron voltage in the so-called PSD (post
source decay) mode [13, 14]. ISD of peptides and
proteins mainly leads to c- and z-ions [15, 16], and the
consensus explanation is that those fragments come
from a reduction of the parent ion by hydrogen radicals
coming from the matrix [17, 18]. Nevertheless, other
fragments such as a-, b-, and y-ions have also been
reported to form in the MALDI source [4, 7-9, 19, 20].
PSD leads mainly to similar fragments as those formed
by low-energy collision-induced dissociation (a-, b-, and
y-ions) [21, 22].
Contrary to CID-like fragments, the radical-induced
ISD fragments (c- and z-ions) have the advantage of
being theoretically not limited in mass. Indeed, in CID
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experiments, the internal energy received by the pep-
tide is distributed amongst all its degrees of freedom,
i.e., they undergo intramolecular vibrational-energy re-
distribution (IVR). Therefore, the larger the peptide, the
less the energy received per degree of freedom, decreas-
ing the fragmentation efficiency. Like in electron cap-
ture dissociation (ECD) [23, 24], because the production
of c- and z-ions results from a radical-driven process that
takes place before the completion of the IVR (non-ergodic
process), ISD fragmentation efficiency does not depend on
the mass of the peptide and allows to sequence larger
peptides as well as intact proteins [5, 10].

In the present work, we address the mechanisms of
in-source formation of the different fragment types. The
difficulty in addressing these mechanisms comes from
the fact that the nature of the fragments depends both
on the matrix and on the peptide sequence. The matrix
influences the fragmentation pathways for different
reasons [25, 26]. (1) The extent of hydrogen radical
production in the matrix plume influences the radical-
induced pathway. (2) The exothermicity of proton
transfer from the matrix to the analyte influences the
thermal pathway and also depends on the analyte. (3)
The plume expansion dynamics, and hence the time
evolution of the collision probabilities influence both
pathways.

This paper mainly focuses on the determination of
the influence of the matrix and of the peptide on the
observation and on the extent of both pathways of frag-

Published online August 1, 2010
Received January 4, 2010
Revised July 23, 2010

Accepted July 28, 2010


mailto:e.depauw@ulg.ac.be

J Am Soc Mass Spectrom 2010, 21, 1906-1917

mentation. Our study includes the following matrices: the
classic 2,5-DHB (2,5-dihydroxybenzoic acid) and CHCA
(a-cyano-4-hydroxycinnamic acid) matrices, the highly
ISD efficient 1,5-DAN (1,5-diaminonaphthalene) [27, 28],
and the 5-aminosalicylic acid (5-ASA) matrix, recently
used by Sakakura and Takayama [29].

The hydrogen donor abilities of different matrices
were previously determined [27] with spirooxazines
(hydrogen scavengers) [30, 31], but this method suffers
from some limitations. The high radical-induced ISD
efficiency of the 1,5-DAN matrix was revealed by its
high capacity to reduce intra- and intermolecular disul-
fide bonds of bovine insulin [27, 32]. Here we used a
small peptide (3—4 kDa) with one intramolecular disul-
fide bond to classify the matrices according to their
yield of hydrogen radical transfer to the analyte (i.e.,
their radical-induced ISD efficiency).

Concerning the thermal pathway, it has been sug-
gested that the internal energy of the analyte is corre-
lated with the exothermicity of the proton exchange
from the matrix to the peptide evaluated with their
respective gas-phase proton affinities (PAs) [26, 33, 34].
We therefore also calculated the proton affinities of
1,5-DAN and 5-ASA, which were not reported before.

The radical-induced ISD fragmentation is indepen-
dent of the ionization process [11, 19] and can be
considered as a charge-remote fragmentation [35]. The
influence of the peptide sequence of the peptide se-
quence was studied because, as they are mainly ob-
served as singly charged ions in MALDI, the location of
the charge can influence whether N-terminal or C-
terminal fragments can be observed [8, 19].

Experimental
Materials

a-Cyano-4-hydroxycinnamic acid (CHCA), 2,5-
dihydroxybenzoic acid (2,5-DHB), 5-aminosalicylic acid
(5-ASA), picolinic acid (PA), formic acid (FA), oxidized
insulin B-chain (3493.6 Da) were purchased from Sigma-
Aldrich (Steinheim, Germany). 1,5-Diaminonaphthalene
(1,5-DAN) was purchased from Acros (Geel, Belgium).
The peptides calcitonin (salmon I) (3431.9 Da), (Tyr°)-C-
Peptide (dog) (3337.7 Da), (Glu')-fibrinopeptide B (1570.6
Da), B-endorphin (rat) (3466.1 Da), acetyl-calpastatin (184~
210) (human) (3177.7 Da), ACTH (7-38) (human) (3659.2
Da), acetyl-Amylin (human) (8-37) (3225.5 Da), neuropep-
tide W30 (rat) (3559.2 Da), GLP-2 (rat) (3796.2 Da), amy-
loid B-protein (1-28) (3262.5 Da) were purchased from
Bachem (Weil am Rhein, Germany). All the solvents used
were HPLC grade quality (purity > 99.9%).

Sample Preparation

2,5-DHB and picolinic acid (PA) solutions were pre-
pared in H,O (0.1% FA)/ACN (1/1) at 20 mg/mL.
CHCA solutions were prepared at 40 mg/mL in H,O
(0.1% FA)/acetone in a 3/97 ratio (vol:vol). 1,5-DAN
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solutions were prepared in H,O (0.1% FA)/ACN (1/1)
at saturation <20 mg/mL). The 1,5-DAN solutions
were prepared shortly before the MS experiments be-
cause of the instability of 1,5-DAN in acetonitrile [36].
The 1,5-DAN/PA mixture was prepared by mixing the
1,5-DAN solution and the PA solution in a 75/25 ratio
(vol:vol). Peptides were prepared in bi-distilled water at
concentrations of 2 X 107> M. The exact same sample
preparation was used for positive and negative ion
mode experiments.

PA is not an ISD active reagent; it makes the matrix
crystals more resistant to the laser irradiation (no crystal
movement or ejection) and enhances the ion signals in
both ion modes while preserving the radical-induced
ISD efficiency of 1,5-DAN. 1,5-DAN is a toxic chemical
[37] to use with caution. 5-ASA is non-toxic.

Mass Spectrometry

All MALDI mass spectrometry experiments were car-
ried out in the reflectron mode on an Ultraflex II
TOF/TOF mass spectrometer (Bruker Daltonics, Bre-
men, Germany) equipped with a frequency tripled
Nd:YAG laser (Smartbeam technology) with a laser
wavelength of 355 nm, 6 ns pulse width, and a focal
spot size between 60 and 70 um (Bruker Daltonics). The
instrument is operated using Flexcontrol 3.0 (Bruker
Daltonics). The instrument was used in reflectron
mode. The ion accelerating voltage was 25 kV with the
voltages of the electrodes 1 and 2 set at 86.8% (21.7 kV)
and 38%, respectively, to carry out the pulsed ion
extraction (PIE). The time delay before the ion extrac-
tion was set at 190 ns. Experiments with various time
delays (60 to 650 ns) before ion extraction were also
performed but no clear differences of relative fragments
intensities could be observed. The dried droplet method
was used for all spot preparations (except for CHCA):
0.5 uL of matrix solution and 0.5 uL of analyte were
deposited on the MALDI plate and allowed to dry at
ambient temperature or by heating with a blow-dryer
(for 2,5-DHB), leading to the crystallization of the
sample. For CHCA, each spot was prepared using the
thin-layer method: a Gilson’s Microman (The Hague,
The Netherlands) pipette was used to deposit on the
Anchorchip MALDI plate (Bruker, Bremen, Germany) a
small quantity (~0.2 L) of matrix solution that imme-
diately crystallizes in a thin-layer of small and homo-
geneous matrix crystals. 0.5 pL of analyte solution was
then deposited on the thin-layer of matrix and allowed
to dry at ambient temperature. After solvent evaporat-
ion, the sample was washed with a solution of ammo-
nium phosphate at 10 mM in H,O (TFA 0.1%). One
droplet of this wash solution was deposited on the
freshly prepared spot and immediately removed. The
sample was again allowed to dry at ambient tempera-
ture before the MS experiments.

Calibrations were made with each matrix using the
intense c-ions observed in the ISD spectra of the acetyl-
Amylin (human) peptide. The mass error for the cali-
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bration curve is up to 20 ppm. Mass accuracies between
100 and 150 ppm for all the assigned fragments were
obtained with external calibration, ensuring their cor-
rect identification. Two thousand five hundred laser
shots (by series of 100 laser shots) were acquired for
each spectrum, at different places on the MALDI spot.
The laser attenuator and the laser offset were 64% and
15%, respectively. The laser intensities at the peptide
ionization threshold (laser intensity at which the S/N of
the peptide molecular ion becomes =3) determined for
2,5-DHB, 1,5-DAN, 1,5-DAN/PA, and 5-ASA are 30%,
35%, 33%, and 75%, respectively. For each matrix or
matrix mixture used, the laser fluence used was 10%
above the peptide ionization threshold for the acquisi-
tion of ISD spectra. The same or slightly higher (15%
above the peptide ionization threshold) laser fluence
was used in the negative ion mode. For the analysis of
the molecular ion of calcitonin (salmon I) and the
measurement of the radical-induced ISD percentages,
the laser fluence used was 5% above the peptide ion-
ization threshold. Experiments were repeated at least 15
times, five times on three different fresh MALDI spots
of the same preparation. For 1,5-DAN matrix-based
preparations, only the needle-shaped crystals were
used for the mass spectral acquisition because those
that do not crystallized properly do not produce intense
signals. Supplementary material Figure S-1, which can
be found in the electronic version of this article, shows
a photograph of the 1,5-DAN crystallization with both
types of crystals. For the determinations of the percent-
ages of ISD fragmentation, only the c- and z-ions above
1000 Da (not disturbed by the matrix cluster area) were
taken into account.

Data Analysis Software

Biotools 3.0 and DataAnalysis 3.4 (Bruker Daltonics)
were used for fragment assignment and analysis.

Ab Initio Calculations

All calculations were carried out using the Gaussian 03
package (rev. D.02) [38]. Geometry optimizations and
the vibrational frequency calculations were carried out
at the B3LYP/6-31+G(d,p) level. The final energy cal-
culations of the most stable geometries were carried out
at the B3LYP/6311+G(2d,2p) level. The proton affinity
of a matrix M was calculated as the enthalpy change, by
the eq 2, at 298 K in reaction 1 [39]:

M+H]" > M+H" 1)

PA(298 K) = AEgec + 298R + AE e + AErot(298 K)
+ AEtrar\s{Z% K) (2)
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where AE,,.. is the variation in electronic internal en-
ergy calculated at the B3LYP/6-311+G(2d,2p) level;
298R = 2.5 kJ/mol (conversion of the internal energy in
enthalpy in the ideal gases approximation); AEy..,
(variation in thermal energy at 298 K) is derived by
computed harmonic frequencies at the B3LYP/6-
31+G(d,p) level. AE, 205 k) + AEqans2os k) represents
the corrections due to translation and rotation and can
be estimated to [39]: AE, 205 k) = 0 and AE, 4ns208 k) =
3/2RT = 3.7 kJ/mol.

Results and Discussion

Influence of the Matrix on the Yield of Hydrogen
Radical Production and Correlation with the Yield
of c- and z-lons

The estimation of the radical-induced ISD efficiency
using a disulfide-bridged peptide has several advan-
tages and is a good alternative to spirooxazines method
[27]. Indeed, spirooxazines are low molecular weight
molecules which signal falls in the m/z where the matrix
clusters can prevent their correct observation. More-
over, the ionization of spirooxazines in a matrix does
not necessary imply that peptides or proteins will be
correctly ionized by this matrix. For the use of a
disulfide-bridged peptide, it is trivial to find a peptide
including one disulfide bond and which molecular
mass is outside matrix cluster area (m/z = 100-1000). In
addition, the ability of a matrix to ionize peptides is
verified in the same experiment. Here we used calcito-
nin (salmon I), which contains one intramolecular di-
sulfide bridge. The spectra were acquired in the differ-
ent matrices, and the isotopic distributions were
deconvoluted to assess the degree of reduction. Supple-
mentary Figure S-2 shows the deconvolutions of the
experimental isotopic distributions of the calcitonin
molecular ion observed in 2,5-DHB and 1,5-DAN/PA in
the contributions of the reduced and non-reduced
forms.

Figure 1 shows the isotopic distributions of the
molecular ion of Calcitonin (salmon I), not reduced in
solution, obtained in 2,5-DHB (Figure 1la) and in 1,5-
DAN (Figure 1b). The MALDI process in 2,5-DHB
reduces the disulfide bond, but to a much lower extent
than in 1,5-DAN, which higher reductive ability has
already been demonstrated [32]. Quantitatively, CHCA
gives 22% * 1.5% of reduced form, 2,5-DHB gives
21% = 5%, 5-ASA gives 40% * 5%, and 1,5-DAN gives
84% = 1%. For comparison, the percentages of in-source
formation of ¢- and z-ions (the ratio between the total
area of these fragments and the area of the molecular
ion) were measured for these three matrices with the
peptide acetyl-amylin (human). The increasing order of
the measured matrix efficiencies to produce c- and
z-ions (i.e., their radical-induced ISD abilities) is the
following: 2,5-DHB gives 2.8% = 0.3% of radical-
induced ISD fragmentation, 5-ASA gives 13.5% = 1.7%,
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Figure 1. Experimental isotopic distributions of the molecular ion of the Calcitonin (salmon I) in
2,5-DHB (a) and in 1,5-DAN (b). The first two peaks correspond to the non-reduced form (...S-S...)
and the other peaks to the reduced form (... SH HS ...) with the isotopic contribution of the
non-reduced form. Their deconvolutions are represented in Figure S-1. On the right are represented
the ISD spectra of the acetyl-Amylin (human) acquired in 2,5-DHB (c) and in 1,5-DAN (d) at higher
laser intensity (5% higher) than for the analysis of the molecular ion of the calcitonin. The
reduction of the disulfide bond (calcitonin) and the ISD spectra of the ac-amylin (human)
observed in both matrices show that the matrix with the greatest reducing power favors the

radical-induced pathway.

and 1,5-DAN gives 28% * 3%. All errors are standard
deviations from 15 measurements.

The increasing order of the reductive abilities of the
matrices agrees with that of their radical-induced ISD
efficiencies (1,5-DAN > 5-ASA > 2,5-DHB >> CHCA).
These results confirm the correlation between the abil-
ities of a matrix to reduce disulfide bonds and to
promote radical-induced ISD (Figure 1 and S-2).

It is noteworthy that the reduction of the disulfide
bond is favored over the radical-induced ISD fragmen-
tation. In 2,5-DHB, the fragments between the two
cysteines of the calcitonin (salmon I) are only observed
when the disulfide bond is chemically reduced before-
hand. In 1,5-DAN, these fragments are observed even
when the disulfide bond is not reduced beforehand.
However, they are produced to a higher extent when
the disulfide bond is chemically reduced (data not
shown).

Proton Affinity of the Matrices and Correlation
with the Yield of a-, b-, and y-Ions Via the
Thermal Pathway

For the different peptides, the various types of ISD
fragments observed in the different matrices were stud-

ied and compared for a same peptide to evaluate the
extent of the thermal fragmentation pathway (the CID-
like a-, b-, and y-ions) according to the matrix used. The
evaluation of the percentages of thermal fragments
produced by the different matrices is difficult because
the formation of CID-like fragments is more dependent on
the laser fluence than the radical-induced ISD fragments.
Moreover, 1,5-DAN only produces little amounts of ther-
mal fragments. However, a qualitative ranking can be
made, as the matrix is the most influent factor. The
matrix ranking, from the least to the most efficient to
produce thermal fragments, is as follows: 1,5-DAN <
5-ASA ~ 2,5-DHB. As shown in Figures 2 and 3,
2,5-DHB and 5-ASA highly favor the CID-like y-, a-, and
b-ions of the acetyl-calpastatin and of the acetyl-amylin
(human), compared with 1,5-DAN. No further degra-
dation of y-ions to z-ions (absence of z";g and z"}o in
Figure 2) either of c-ions to a- or b-ions is observed,
confirming the independence of the two in-source frag-
mentation pathways. Roepstorff et al.’s [15] and Bi-
emann’s nomenclature [16] was used to denominate the
different fragment types. To distinguish the negative
and the positive fragment ions, double prime are added
to the positive ions to highlight the difference of two
daltons with the corresponding negative ions. The
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Figure 2. Zoom of the ISD spectra (in the positive ion mode) of the acetyl-calpastatin in the 850-1250
m/z range in 1,5-DAN/PA (a) and in 2,5-DHB (b). The sequence of the peptide is indicated in the figure
[basic amino acids arginine (R), histidine (H) and lysine (K)] are given in bold print. Acidic amino
acids [aspartic acid (D) and glutamic acid (E) are underlined]. Shaded areas highlight the absence of
the fragments z"5 and z"¢ and facilitate the comparison of the fragments of interest. The fragments z"g
and zyg are not observed due to the presence of proline residues at positions 19 and 20. The
corresponding w-ions are nevertheless formed by a rearrangement of the intermediate z*-ions (Scheme 1).
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Figure 3. Zoom of the ISD spectra (in the positive ion mode) of the acetyl-Amylin (human) in the
690-1610 m/z range in 2,5-DHB (a), in 5-ASA (b) and in 1,5-DAN/PA (c). The sequence of the peptide
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in which they are only poorly observed (non-annotated).



J Am Soc Mass Spectrom 2010, 21, 1906-1917

from the matrix to the peptide evaluated with their
respective gas-phase proton affinities (eq 3):

A+M+H]"-[A+H]"+M;
AH’ = PA (matrix) — PA (analyte) 3)

A matrix with a low proton affinity would give more
internal energy to the analyte and thereby favor its
fragmentation by the thermal pathway. It would there-
fore be qualified as a hot matrix. For classic matrices,
the efficiencies in producing thermal fragments were
compared with their respective proton affinities and the
following correlation was observed [26]: CHCA (proton
affinity = 812 [26] —841 [40] kJ/mol) > 2,5-DHB (852
[39] —856 [40] kJ/mol) > SA (876 [40] —905 [26]
kJ/mol). The proton affinities of 1,5-DAN and of 5-ASA
were theoretically calculated (DFT) and their values
show a correlation with their tendencies to produce
thermal fragments: CHCA (PA = 812 [26] —841 [40]
kJ/mol) > 2,5-DHB (852 [39] —856 [40] kJ/mol) ~
5-ASA (877 kJ /mol) > SA (876 [40] —905 [26] k] /mol) >
1,5-DAN (942 k] /mol). 5-ASA is as efficient as 2,5-DHB
whereas 1,5-DAN is poorly efficient.

Here, the proton affinity ranking suffices to explain
the efficiency of production of a-, b-, and y-ions, hence
the difference in reactivity according to the thermal
pathway. Note, however, that Sachon et al. [41] have
recently shown with very labile peptides, that explain-
ing the matrix influence on the in-source formation of
a-, b- and y-ions can in some instances require taking
into account the matrix-dependent desorption dynam-
ics (indicated by the initial axial velocity of the ions)
mediating the low-energy collisions between the matrix
and the analyte in the MALDI plume. It would there-
fore be interesting to measure the initial velocities (and
temperatures) of matrix and analytes in 1,5-DAN and in
5-ASA.

d-, w-Ions Formed from Consecutive Reaction
Pathways

As shown in Figures 2 and 3, a few w- and d-type
fragments are observed in the ISD spectra of peptides.
w-Ions generated from some matrices can be very
intense, as shown in Figure 4b, whereas d-ions are less
often observed. d-lons generated from 1,5-DAN are
generally less intense than those generated from 2,5-
DHB (in Figure 3, d-ions generated from 1,5-DAN are
very poorly observed and are not annotated). The
matrix is therefore highly influent on the observation of
these types of fragments.

The w- and d-ions are very informative fragments
involving a side-chain loss, the mass of which is specific
to the amino acid [42, 43]. These fragments can be very
helpful to confirm an amino acid deduced from two
successive c- or z-ions, or for the distinction of the
isobaric amino acids leucine and isoleucine. These types
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of fragments were previously reported in 193-nm laser
photodissociation experiments on molecular ions pro-
duced by a classical MALDI source (N, laser) [44-47]
but rarely reported in ISD-MALDI [8, 9]. To determine
the origin of w- and d-ions, the ISD spectra of the
different peptides used in 2,5-DHB and in 1,5-DAN
were compared.

The fragment w";, of the acetyl-Calpastatin (human)
is not favored by the large increase of the thermal
fragment ",y observed in the 2,5-DHB matrix (Figure
2). Moreover the structure of iy"-ions corresponds to the
structure of a peptide and it is therefore very unlikely
that these fragments further degrade to give w-ions. We
propose that the w-ions come from the radical-induced
pathway and are formed by the further degradation of
the intermediate z*-ions involved in the radical-induced
pathway (Scheme 1). w-Ions are, however, not always
observed even if the corresponding z-ions are observed.
According to the mechanism [42, 43] shown in Scheme
1, the radical fragment z° gives the w-ion by the
cleavage of the Cg—C, bond of the residue of the amino
acid followed by the loss of a radical part of the residue.
Therefore, not all amino acid residues can lead to that
fragmentation. When aromatic amino acids [histidine
(H), tyrosine (Y), tryptophan (W), phenylalanine (F)]
are involved, the w-ions are absent because the cleavage
of the C3-C,, bond corresponds to the difficult cleavage
of a CH,—aryl bond. The w-ions are also absent with the
amino acids glycine (G), alanine (A) because they do not
possess a Cz—C,, bond. Although proline prevents the
formation of z-ions, it can lead to the formation of
w-ions by a rearrangement of the radical species [42].
Figure 2 illustrates the formation of w-ions from proline
residues (w'g and w"y).

A d-ion is the N-terminal equivalent to a w-ion.
However, d-ions are less often observed (Figure 3). The
fact that d-ions are favored in 2,5-DHB and 5-ASA, and
not in 1,5-DAN, suggests that the formation of these
fragments is linked to the thermal pathway, for exam-
ple via degradation of a,-ions into d,-ions, as shown in
Scheme 2. Nevertheless, this mechanism fails to explain
the formation of all d-ions because only a few amino-
acids possess a hydrogen in the & position. The d-ions
may therefore be formed by the radical-pathway as
well. As shown in Scheme 1, the degradation of c,-ions
to d,-ions involves the loss of an isocyanate function
(OCNH). This mechanism of formation of d-ions there-
fore requires not only that the matrix efficiently pro-
duces radicals (to form the c*-ion in the first place), but
also that the matrix provides enough internal energy for
the consecutive fragmentation to occur. This can ex-
plain the difference between 2,5-DHB and 1,5-DAN,
and the lesser extent of these d-ions in 1,5-DAN that
favors the radical pathway but has the highest proton
affinity. Soltwisch et al. [48] recently studied the influ-
ence of the pressure on ISD in a MALDI source coupled
to an orthogonal TOF mass spectrometer. They showed
that contrarily to the radical-induced fragments, the
thermal fragments are strongly influenced by the gas
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ISD spectrum of the (Tyr”)-C-peptide (dog) in 1,5-DAN/PA in the positive ion mode.

(a) Complete spectrum, (b) zoom in the box indicated in (a) z"* corresponds to matrix adducts formed
with the z’ radical ions (z” + 156 Da). [Mat,] " represents multimers of intact and fragmented matrix
molecules. Their exact composition is difficult to determine due to the complex polymerization

mechanism of 1,5-DAN [36].

pressure. However, they also showed that some ISD
fragments issued from the radical-induced pathway can
be influenced by the gas pressure similarly to the
thermal fragments.

Matrix Adducts on z-Ions

In Figure 4b, the z-ions annotated with an asterisk (z"*)
correspond to z-ions plus 156 Da. These peaks corre-
spond to z’ radical ions that reacted with a radical of the
1,5-DAN matrix [M — H]" leading to the stable matrix
adduct species z’,, + 157 that will be annotated z", + 156
to avoid any confusion about the m/z ratios at which
they are observed, as shown in Scheme 1. It must be
noted that they are also observed in the negative ion
mode (z, + 156). Matrix adducts on z-ions were already
reported by Kocher et al. [18] with the 2,5-DHB matrix,
but were not reported yet with 1,5-DAN. The interest-
ing aspect of these adducts is that they are observed for
z-ions but not for c-ions. Therefore, the formation of
these matrix adducts is linked to the structure (and

reactivity) of z-ions and not to the sequence of the
peptide. The fact that z-ions easily undergo a further
degradation to w-ions or easily form adducts with the
matrix explains why z-ions are often less intense than
c-ions. Therefore, c-ions are generally easier to assign
than z-ions in ISD spectra, as shown in Figure 4a. It is
also noteworthy that as the intermediate c*- and z*-ions
(open-shell) are not observed in MALDI-MS, it is very
likely that there are sufficient amounts of hydrogen
radicals in the MALDI plume to form the correspond-
ing closed-shell fragments (Scheme 1). Indeed, for the
reduction of a disulfide bond, two hydrogen radicals
are required because no partial reduction of the disul-
fide bond (... SH °S ...) is observed. Moreover, this
reduction is achieved before the ion extraction is ap-
plied, as in the case of the formation of ISD fragments.
As the radical-induced pathway is independent of the
ionization process, all mechanisms presented in Scheme 1
can be transposed to the negative ion mode just by using
deprotonated peptide species instead of the protonated
species.
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Scheme 1. The different mechanisms of fragmentation observed in the radical-induced pathway.
After the hydrogen transfer onto the carbonyl, the peptide will cleave either at the NH-C,, bond on
the N-terminus side (A pathway) or at the NH-C, bond on the C-terminus side (B pathway). The D
pathway represents the mechanism of formation of d-ions by the radical-induced pathway. The W
pathway represents the mechanism of formation of w-ions. The formation of d-ions is favored in
2,5-DHB and 5-ASA because these matrices (low proton affinities) transfer more internal energy to the
peptide, by proton exchange from the matrix to the peptide, facilitating the loss of the isocyanate
moiety. As the radical-induced pathway is independent of the ionization process, all mechanisms
presented in Scheme 1 can be transposed to the negative ion mode just by using deprotonated peptide

species instead of the protonated species.

Influence of the Peptide Sequence on the Relative
Fragment Abundance—Positive ion Mode

Even if ISD fragmentation can occur randomly on the
peptide sequence (except in presence of a proline resi-
due or a disulfide bond), the existence of a charged site
on the ISD fragments is necessary for their observation.
In positive ion mode, the presence of a basic amino acid
residue [Arg (R), Lys (K), and His (H)] in the peptide is
necessary to observe its molecular ion and its ISD
fragments. Figure 4 shows the spectrum of the peptide
(Tyr°)-C-peptide (dog). The arginine (R) at position 9 is
its only basic residue. Accordingly, the first fragments
observed in the c- and z-series are the fragments c"y and
z",, because these fragments are the first in their respec-
tive series to contain the arginine residue.

For calcitonin I, the first c-ion observed is the frag-
ment ¢"y;, which is the first one to contain the lysine (K)
residue at the position 11. 2"y is the first z-ion containing
a basic amino acid residue, the arginine (R) at the
position 24. The sequence of calcitonin (salmon I) is
indicated in Figure 5. This peptide contains several
basic amino acid residues and the most favored site of
protonation (the most basic) is the arginine at position
24. However, the fragment c";; is observed despite the
fact that it contains only a lysine at position 11. There-
fore all the basic amino acid residues can provide the
positive charge when necessary. As the ions are mainly
observed in the +1 charge state, when several sites of
charge are available it is the most favored one that is
charged. The N-terminal NH, function and the C-
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Scheme 2. Mechanism for the formation of d-ions from the
thermal a-ions (case of the isoleucine amino acid residue). The
formation of all d-ions cannot be explained by this mechanism as
only few amino acids possess a hydrogen in the 8 position.

terminal amidated carboxylic function (CONH,) are not
sufficient for the observation of the ISD fragments (e.g.,
fragments ¢, to ¢’y are not observed for (Tyr%)-C-

J Am Soc Mass Spectrom 2010, 21, 1906-1917

peptide (dog)). The same behavior was observed with
2,5-DHB and 1,5-DAN for all peptides of Table 1.

The presence of an arginine residue (R) in an ISD
fragment generally greatly increases its intensity. In
Figure 5, the c-ions containing the arginine (c",, to ¢"30)
are more intense on average than the ones that contain
only histidine and/or lysine residues. Only one argi-
nine residue is sufficient to obtain an ISD spectrum of a
peptide in the positive ion mode even if the peptide
contains acidic amino acid residues as shown for the
(Tyr°)-C-peptide (dog) (Figure 4). Amongst the arginine
containing fragments (i.e., 2’ to 23 and ¢y to ¢"3),
large variations of the intensities are nevertheless
observed.

Influence of the Peptide Sequence on the Relative
Fragment Abundance—Negative lon Mode

1,5-DAN is a far better matrix than 2,5-DHB for the
acquisition of ISD spectra in the negative ion mode [27].
The higher gas-phase proton affinities of 1,5-DAN (942
kJ/mol) compared with those of 2,5-DHB (852-856
kJ/mol) and of 5-ASA (877 k] /mol) could explain why
this matrix is more efficient to produce deprotonated
analyte species. However, the proton affinities are cal-
culated for the electronic ground state. The ionization
process in MALDI and the explanation of the influence
of the matrix on the extent of negatively and positively
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Figure 5. Patterns of the radical-induced ISD c- and z-ions for the calcitonin (salmon I) in the positive
ion mode. "y, ¢"5; and z",, are not observed because of the presence of proline residues at positions
23 and 32. The relative abundances of the fragments (in percent) were calculated by the ratio of their
areas to the area of the most intense fragment normalized to 100%. The error bars represent the
standard deviations calculated from 15 measurements (5 ISD spectra on three different MALDI spots).
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Sequences of the different peptides used to determine the influence of the peptide sequence as well as the mechanisms of

Table 1.
formation of the various fragment types observed in ISD

Peptide
Calcitonin (salmon 1) (3431.9 Da) NH, -
Oxidized insulin B chain (bovin) (3493.6 Da) NH, -
ACTH (7-38) (human) (3659.2 Da) NH, -
(Glu")-Fibrinopeptide B (1570.6 Da) NH, -
(Tyr®)-C-peptide (dog) (3337.7 Da) NH, -
Acetyl-calpastatin (184-210) (human) (3177.7 Da) Acetyl -
B-Endorphin (rat) (3466.1 Da) NH, -
Acetyl-amylin (human) (8-37) (3225.5 Da) Acetyl -
Neuropeptide W30 (rat) (3559.2 Da) NH, -
GLP-2 (rat) (3796.2 Da) NH, -
Amyloid B-protein (1-28) (3262.5 Da) NH, -

Sequence?
CSNLSg TCVLG,, KLSQE, 5 LHKLQ,, - CONH,
TYPRT,5 NTGSGa, TP,
FVNQH; LC_,GSH,, LVEAL,; - COOH
YLVC,,G,o ERGFF,5 YTPKA,,?
FRWGK, PVGKK,, RRPVK, - COOH
VYPNG,, AEDES,; AEAFP, LE,,
EGVND, NEEGF,, FSAR,, - COOH
YEVED, LQVRD,, VELAG, 5 - COOH
APGEG,, GLOPL,s ALEGA, LQ,,
DPMSS; TYIEE,, LGKRE,; VTIPP,, - CONH,
KYREL,5 LA,,
YGGFM, TSEKS,, QTPLV,; - COOH
TLFKN,, AIIKN,; VHKKG,, Qs
ATQRL; ANFLV,, HSSNN,; FGAIL,, - CONH,
SSTNV,5 GSNTY,,
WYKHV, ASPRY,, HTVGR, - COOH
ASGLL,, MGLRR,; SPYLW,,
HADGS, FSDEM,, NTILD,; - COOH
NLATR,, DFINW,¢ LIQTK,, ITD4s
DAEFR; HDSGY,, EVHHQ, - COOH

KLVFF,, AEDVG,s SNKyg

@Basic amino acids [arginine (R), histidine (H), and lysine (K)] are given in bold print; Acidic amino acids [aspartic acid (D) and glutamic acid (E)] are

underlined.
bC, corresponds to oxidized cysteines; i.e., to cysteic acid (-SOzH).

charged species is still widely discussed as recently
pointed out and revisited by Hillenkamp et al. [49].

In the negative ion mode, the influence of the basic-
ity /acidity of amino acids is less straightforward than
in the positive ion mode. The presence of an acidic
amino acid is not necessary for the observation of ISD
fragments. For example, for oxidized insulin B-chain,
c-ions are observed starting at the sixth residue, even
though ¢4 (NH,-FVNQHL) does not contain any acidic
amino acid. z-Ions start from the position 22, and the
fragment z, contains only the carboxylic acid function
of the C-terminal part of the peptide (RGFFYTPKA-
COOH). These results suggest that contrarily to the
positive ion mode, the acidic terminal functions can
provide the negative charge. The C-terminal carboxylic
acid function and the COH-NH and CO-NH, (repre-
sented in Scheme 1) functions seem therefore sufficient
to observe c- and z-ions, respectively, in the negative ion
mode. Nevertheless, the fragments containing acidic
amino acids are generally more intense, particularly
those containing a cysteic acid (oxidized cysteine) that
largely increase the negative ion signals [27].

Combined Influences of the Peptide and of the
Matrix on the ISD Fragments Patterns

The matrices do not only influence the extent of both
fragmentation pathways. Their impact on the relative
intensities of the different ISD fragments is actually
broader. Indeed, the ISD spectra of a same peptide in
the various matrices are quite different. For example,
Figure 6 shows the relative intensities of the c-ions

observed for the ACTH [7-38] (human) in 2,5-DHB and
in 1,5-DAN. This contrasts with the absence of matrix
effects on the fragmentation patterns in PSD. PSD
spectra of the (Glu')-Fibrinopeptide B in different ma-
trices were acquired and these spectra are very similar
whatever the matrix is used and are shown in Supple-
mentary material Figure S-3.

The differences observed for the radical-induced ISD
fragments patterns according to the matrix can there-
fore not only be explained by the primary structure of
the peptide. A matrix-dependent structural effect re-
lated to the interactions between the matrix and the
amino acid residues in the matrix crystals can therefore
be invoked. Indeed, PSD fragmentation is mainly acti-
vated by collisions with neutrals during the ion extrac-
tion. The strong matrix effect indicates that radical-
induced ISD fragmentation occurs much earlier in the
desorption/ionization process, when the plume is
much denser and where peptide matrix noncovalent
interactions are still numerous. The effect of peptide-
matrix interactions and the effect of peptide secondary
structure on the ISD patterns clearly warrant further
investigations.

Conclusion

The comparison between several efficient ISD matrices
led to new insights in the ISD fragmentation processes.
The present paper shows that:

(a) Itis possible to selectively favor the fragmentation
pathways: (1) matrices with high hydrogen donor
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Figure 6. Patterns of the c-ions of the ACTH (7-38) (human) in 2,5-DHB and in 1,5-DAN/PA in the
positive ion mode. cs, ¢";,, ¢"5, and c",4 are not observed because of the presence of proline residues
at positions 6, 13, 18, and 30, respectively. The relative abundances of the fragments (in percent) were
calculated by the ratio of their areas to the area of the most intense fragment normalized to 100%. The
error bars represent the standard deviations calculated from 15 measurements (5 ISD spectra on three

different MALDI spots).

abilities, such as 1,5-DAN and 5-ASA, favor the
radical-induced pathway (c-, z- and w-type frag-
ments) and (2) matrices with low proton affinities,
as 2,5-DHB and 5-ASA matrices, favor the thermal
pathway (a-, b-, and y-type fragments) and the
formation of the d-type fragments from c-ions.

It is possible to determine, for a given peptide,
which fragments will be observed or not. The
location of the acidic and/or basic amino acids in
the peptide sequence determines which ISD frag-
ments can be positively or negatively charged and
therefore observed in the positive or negative ion
mode, respectively. The amino acids that could
undergo a side-chain loss to give w-ions can also be
determined. As d-ions are less often observed, it
remains difficult to predict their observation.

For an unknown peptide, the complementary use
of matrices favoring one and/or the other pathway
can facilitate the interpretation of complex ISD
spectra. As discussed in point a, the use of 1,5-DAN
will give mainly radical-induced ISD fragments (c-
and z-ions) of the peptide and 2,5-DHB or 5-ASA
will produce more intense thermal fragments (a-,
b-, and y-ions). A differential analysis of ISD spectra
of a peptide in both matrix types (e.g., in 1,5-DAN
and in 2,5-DHB) can help to distinguish the differ-

(d)

ent fragment types and to assign consecutive frag-
ments of the same type.

The extra d- and w-ions, more easily observed in
efficient ISD matrices (1,5-DAN for the w-ions and
2,5-DHB and 5-ASA for the d-ions), can help (1) to
confirm some amino acid residues of a determined
sequence and/or (2) to distinguish isoleucine (I)
from leucine (L).
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