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Both the matrix selected and the laser fluence play important roles in MALDI-quadrupole/
time of flight (QqTOF) fragmentation processes. “Hot” matrices, such as a-cyano-4-hydroxy-
cinnamic acid (HCCA), can increase fragmentation in MS spectra. Higher laser fluence also
increases fragmentation. Typical peptide fragment ions observed in the QqTOF are a, b, and
y ion series, which resemble low-energy CID product ions. This fragmentation may occur in
the high-pressure region before the first mass-analyzing quadrupole. Fragment ions can be
selected by the first quadrupole (Q1), and further sequenced by conventional MS/MS. This
allows pseudo-MS® experiments to be performed.

For peptides of higher molecular weight, pseudo-MS® can extend the mass range beyond
what is usually accessible for sequencing, by allowing one to sequence a fragment ion of lower
molecular weight instead of the full-length peptide. Peptides that predominantly show a single
product ion after MS/MS yield improved sequence information when this technique is
applied. This method was applied to the analysis of an in vitro phosphorylated peptide, where
the intact enzymatically-generated peptide showed poor dissociation via MS/MS. Sequencing
a fragment ion from the phosphopeptide enabled the phosphorylation site to be unambigu-

ously determined.
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fter the matrix-assisted laser desorption/ioniza-
Ation (MALDI) technique was first developed

[1-5], there were extensive studies on the selec-
tion of matrices optimized for various types of lasers
[6-9]. Although most researchers are now primarily
using 337 nm nitrogen lasers and only a few selected
matrices, there has been much discussion of MALDI
matrices with regard to mechanisms of ion formation
[10-24].

In-source decay (ISD [25, 26]) and post-source decay
(PSD [27]) in MALDI/TOF-MS have been studied for
the purpose of determining the mechanism of MALDI
ionization, and have led to the classification of matrices
such as a-cyano-4-hydroxycinnamic acid (HCCA) and
2,5-dihydroxybenzoic acid (DHB) as “hot” or “cold”
based originally on the amount of glycoprotein frag-
mentation they induce [28].

The differences in fragmentation observed with var-
ious matrices have been attributed to differences in
initial velocities of the ions generated [29-31], with
higher initial velocities leading to cooling and less
fragmentation. It has been noted that, for a given
matrix, all analyte ions below 25 kDa appear to have the
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same initial velocity irrespective of mass, but the initial
velocity depends on the matrix [31]. An early hypoth-
esis that the internal energy and velocity of both analyte
and matrix are a function of matrix sublimation tem-
peratures has found empirical support [32]. Zenobi and
co-workers found, however, that the internal energy
distributions of analyte ions did not correlate with
matrix sublimation temperatures, but instead depended
on gas-phase proton transfer reactions [20, 21, 23].
Increasing laser fluence has been shown to increase
analyte ion dissociation via in-source decay (ISD) [33-
38]; nevertheless, Gluckmann and Karas have ques-
tioned whether an increase in laser fluence is an accu-
rate measure of the amount of energy transferred to the
analyte [31].

Lavine and Allison [39] demonstrated that MS>-type
experiments could be performed on a reflectron
MALDI-TOF using a combination of ISD and PSD. A
mixture of bumetanide and HCCA was used to control
the extent of in-source fragmentation. This combination
of ISD and PSD has not become widely utilized, how-
ever, probably because of the inherent difficulties in
generating and interpreting the poorly resolved PSD
mass spectra.

With the recent development of MALDI QqTOF
instruments, experiments involving two stages of mass
spectrometry, including true MS/MS with collision-
induced dissociation (CID), are possible [40]. We have
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found that an additional fragmentation step can be
created through the use of a “hot” matrix and/or
increased laser fluence. This “pseudo-MS®” is the com-
bination of non-selective fragmentation followed by
true MS/MS in a MALDI QqTOF mass spectrometer.
The pseudo-MS® technique, which makes it possible to
isolate and dissociate source-generated fragments, in-
creases the mass range accessible for peptide sequenc-
ing. A proteomics application is shown where the
pseudo-MS’ technique has allowed unambiguous iden-
tification of a phosphorylation site in an in vitro phos-
phorylated peptide.

Experimental
Materials

The peptide [Glu-1]-fibrinopeptide-B (G1FB) was pur-
chased from Sigma Chemical Co. (St. Louis, MO) and
used without further purification. A stock solution was
prepared at a concentration of 1 ug/uL in HPLC-grade
water, and then was serially diluted with HPLC-grade
water.

The in vitro phosphorylated protein was digested
with Streptococcus aureus V8 from Sigma Chemical Co.
The kinase used was a serine/threonine kinase. The
resulting peptides were separated on a 2-D cellulose
phosphopeptide mapping plate [41]. It was estimated
that ca. 2 pmol was applied to the plate. The radiola-
beled spot was scraped off the plate, eluted sequentially
with two 100-uL washes of pH 1.9 buffer containing
88% formic acid: acetic acid:water (25:78:897, vol:vol:
vol), followed by one wash with 100 nL water. The
eluate was cleaned up with a Millipore Zip-Tip (Bed-
ford, MA), and spotted on the MALDI target. The
overall recoveries through the entire clean-up proce-
dure could not be determined, but the amount spotted
on the MALDI target was below 2 pmol.

Mass Spectrometry

MALDI-MS and MS/MS were performed on an Ap-
plied Biosystems Div., Perkin-Elmer Corp. (Foster City,
CA) API QSTAR-Pulsar (QSTAR), with argon as the
collision gas. The instrument was equipped with a
nitrogen laser operating at 337 nm. Matrices used were
premixed DHB and HCCA solutions (Agilent Technol-
ogies Inc., Palo Alto, CA). In all cases, a 0.5 uL aliquot
of the peptide solution was spotted on the target,
followed by 0.5 uL of the matrix solution. The spots
were allowed to dry at room temperature. Once ions
with sufficient S:N (10:1 for precursor ions, 3:1 for
product ions) were observed, data acquisition was
terminated to conserve sample.
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Results and Discussion

Matrix and Laser Fluence Effects on the MS
Spectra

Before the advent of MALDI-QqTOF, PSD was the
primary method used with TOF instruments to gener-
ate sequence data from MALDI-generated ions. Because
HCCA is classified as a “hot” matrix, it is often selected
for PSD analysis because desorption from HCCA crys-
tals increases the internal energy of the ions and pro-
motes increased fragmentation. Using G1FB, a model
tryptic peptide, increased fragmentation of precursor
ions was observed in MS mode with HCCA. On the
QqTOF, at the threshold laser fluence for DHB (35%
laser power, ~27 microjoules) (Figure 1a), no fragmen-
tation of the protonated molecule was observed. At an
increased laser fluence (40% laser power), there was a
small amount of fragmentation, and the spectrum con-
tained only a few, low relative-abundance y ions (Fig-
ure 1b). However, two y ions were observed when
HCCA was used as the matrix (Figure 1c), even at the
threshold laser fluence for HCCA (15% laser power). At
a slightly increased laser fluence (20% laser power), a
more complete series of y ions (ys—yo) was observed
(Figure 1d). These results show that an increased
amount of fragmentation is observed when HCCA is
used as the matrix, compared to DHB. To ensure that a
statistically significant number of ions were recorded, a
relatively large amount of peptide (30 pmol), compared
to typical proteomic studies, was deposited on the
MALDI target.

To investigate whether the peptide concentration
applied to the MALDI target had an effect on fragmen-
tation, MALDI-QqTOF-MS spectra of 300 fmol of G1FB
were acquired at several different laser energies, using
HCCA as the matrix. As can be seen in Figure 2, the
extent of fragmentation can be controlled by varying
the laser fluence regardless of the amount of peptide
applied to the target. At threshold laser fluence (15%),
both the protonated molecule and the y4 product ion
were observed. At 25% laser fluence, the y, ion was also
observed. When the laser fluence was increased to 50%,
a complete y ion series from y, to y, was observed in
addition to the protonated molecule. By examining the
ratio of the y, and the y, product ions to the protonated
molecule intensity, (Table 1), the effect of increasing the
laser power is apparent. Both ratios increase with
higher laser power, indicating that more fragmentation
has occurred. The data shown in Figure 2 were acquired
with only 300 fmol spotted on the MALDI target,
demonstrating that fragmentation can be increased,
even when only subpicomole amounts of sample are
available for analysis.

With less peptide applied to the MALDI target, a
relatively higher laser fluence was necessary to obtain
the same degree of fragmentation as that obtained with
a larger amount of peptide applied to the target. In
Figure 1d, with 30 pmol applied to the MALDI target,
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Figure 1. The effect of matrix on the MALDI-MS spectra of G1FB in DHB and HCCA, 30 pmol on
target. (a) QqTOF MALDI-MS spectrum of G1FB in DHB at 35% laser fluence (threshold laser power);
(b) QqTOF MALDI-MS spectrum of G1FB in DHB at 40% laser fluence; (c) QqTOF MALDI-MS
spectrum of G1FB in HCCA at 15% laser fluence (threshold laser power); (d) QqTOF MALDI-MS

spectrum of G1FB in HCCA at 20% laser fluence.

the yes-yy ion series was observed with 20% laser
fluence. In Figure 2c, with only 300 fmol applied to the
target, 50% laser fluence was necessary to produce a
complete y—y, series. Thus, with less sample applied to
the MALDI target, more laser fluence is necessary for
more complete sequence coverage.

At threshold laser power, with a “cold” matrix such
as DHB, MALDI-QqTOF-MS spectra are obtained
which show strong signals from the protonated mole-

Table 1.

Ratio of product ion intensities for G1FB compared to

the Intensity of the Protonated Molecule of G1FB

Ratio of Ratio of
Laser Ye to [M + HI* yg to [M + HI*
power intensity intensity
15% 1.33 Yo ion not observed
25% 1.45 0.73
50% 1.74 1.00
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Figure 2. The effect of laser fluence on the MALDI-MS spectra of
GIFB in HCCA, 300 fmol on target. (a) QqTOF MALDI-MS
spectrum of G1FB in HCCA at 15% laser fluence; (b) QqTOF
MALDI-MS spectrum of G1FB in HCCA at 20% laser fluence; (c)
QqTOF MALDI-MS spectrum of G1FB in HCCA at 50% laser
fluence.
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cules with little fragmentation observed, similar to
MALDI/TOF-MS spectra. With a “hot” matrix, such as
HCCA, even at threshold laser fluence, both fragment
ions and the protonated molecule are observed in the
MALDI-QqTOF-MS spectra. With increased laser flu-
ence, the relative abundance of higher mass fragments
decreases, and the relative abundance of lower-mass
fragments increases, suggesting that consecutive disso-
ciation may be occurring (data not shown).

Pseudo-MS?

On a QqTOF, MALDI-MS/MS experiments on an ion
selected by Q1 can be performed. If the ion selected for
MS/MS is a fragment ion instead of a precursor ion,
MALDI pseudo-MS® experiments can be performed.

For the peptide G1FB, a series of y ions was pro-
duced in the MS/MS spectrum with HCCA (Figure 3a).
MS/MS spectra of two of these y ions, ys and y, (m/z
684.339 and 1056.477, respectively), are shown in Figure
3b and c. The resulting pseudo-MS® spectra contained
mainly b and y-NH; ions. Even with only 300 fmol
spotted on the target, and only 100 shots acquired,
pseudo-MS? spectra with a signal to noise ratio of 4:1
were obtained.

In conventional MALDI-TOF instruments, ions that
fragment in the source before they are extracted into the
TOF produce a series of z and c¢ ions. In MALDI-
QqTOF-MS at high laser fluence, however, these types
of ions are not observed. Instead, y and b ion series are
observed, which are characteristic of low energy CID
[42]. When the QqTOF is used in the MALDI-MS mode,
Q1 is set to transmit all ions. When the QqTOF is used
in the MALDI-MS/MS mode, however, it is possible to
set Q1 to transmit either a protonated molecule or a
fragment ion. Hence these ions must be formed prior to
Q1.

The design of the QSTAR incorporates an rf-only
quadrupole (QO0), flushed with N, gas, which serves to
collisionally cool the ions by reducing their kinetic
energy to near thermal, and to focus the ion beam
before it enters Q1 [40]. Typical operating pressures in
QO (4-8 mTorr), however, are sufficient to cause CID in
other instruments [43]. Hence, it is possible that the
collisions with background nitrogen, which cool the
ions, also cause some of the translational energy to be
converted to internal energy, thus leading to CID.

Application of Pseudo-MS® to the Localization of a
Phosphorylation Site

The utility of the QqTOF MALDI pseudo-MS® for
obtaining sequence and phosphorylation-site informa-
tion from a biological sample was demonstrated with a
peptide isolated from an in vitro phosphorylated pro-
tein that contained an unknown phosphorylation site.
Since the peptide was known to be phosphorylated,
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Figure 3. QqTOF MALDI mass spectra of G1FB in HCCA, 300
fmol on target. (a) MALDI-MS/MS spectrum of the protonated
molecule of G1FB (m/z 1570.691) in HCCA at 40% laser fluence; (b)
Pseudo-MS® of the y, product ion (m/z 1056.464) from G1FB in
HCCA at 40% laser fluence. (c) Pseudo-MS® of the y, product ion
(m/z 684.357) from G1FB in HCCA at 40% laser fluence.
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DHB was used as the matrix because it does not
promote loss of H;PO, as readily as HCCA does [44].

At low laser fluence, a single enzymatic fragment, at
m/z 1945.873 was observed. This enzymatic fragment
was difficult to dissociate, and no peaks that localize the
phosphorylation site to a single amino acid residue
were observed. At higher laser fluence, increased frag-
mentation was observed (Figure 4a). Fragment ions, at
m/z 1279.624 and 1586.810, were produced, along with
losses of 98 Da from these fragment ions. The 98 Da loss
from both the precursor and fragment ions confirmed
the presence of a phosphoryl group.

MS/MS of the most abundant fragment ion, at m/z
1279.624, was performed. Loss of 98 Da from this
precursor ion is a prominent product ion in the MALDI-
MS/MS spectrum, indicating that the phosphoryl
group is still present on the fragment ion (Figure 4b). A
sequence-specific series of ions was observed. Seven
residues of the peptide were unambiguously identi-
fied from the sequence ions. In addition, the mass
difference between the ions at m/z 339.208 and m/z
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408.227 was 69.019 Da, which corresponds to dehy-
droalanine, the residue remaining after g-elimination
of a phosphoryl group from phosphoserine [45]. An
internal fragment ion was observed which contained
a non-phosphorylated tyrosine. Additionally, ions
were not observed at m/z 216.043, which would
correspond to the immonium ion of a phosphorylated
tyrosine residue [46]. Thus, the serine residue is
unambiguously identified as the only phosphoryla-
tion site in this peptide.

Conclusion

Using a MALDI-QqTOF in the MS mode, fragmentation
can be increased with higher laser power at the expense
of an increased rate of sample consumption. Fragmen-
tation can also be increased in the MS mode by using a
“hot” matrix, such as HCCA. In contrast to ISD, the
fragment ions observed are predominantly sequence-
specific y and b ions. These b and y ions can be isolated
and subjected to a further stage of MS/MS, thus gener-
ating pseudo-MS® experiments. Using pseudo-MS®, a
phosphorylation site on a biological peptide, which
showed poor dissociation by direct MS/MS, was suc-
cessfully identified.

The MALDI pseudo-MS® experiments reported here
are analogous to skimmer-induced dissociation-
MS/MS experiments in electrospray ionization. Like
skimmer-induced dissociation, this initial fragmenta-
tion step is non-selective in that all ions generated in the
source can undergo fragmentation. This additional frag-
mentation step should, however, prove useful for ob-
taining an additional level of sequence information
from previously separated peptides or for simple mix-
tures. MALDI-QqTOF-MS/MS on the [M + H — 98]*
ion from a phosphorylated peptide has recently been
demonstrated for determining the phosphorylation site
at the picomole level [47, 48]. Because these experiments
were done in DHB, not HCCA, and because the loss of
H,PO, from a phosphorylated peptide can occur in the
source of a conventional MALDI-TOF, it cannot be
determined whether the reported spectra were actually
produced by MS/MS or pseudo-MS>. Our results on
both phosphorylated and unphosphorylated peptides
demonstrate that the pseudo-MS® technique is of gen-
eral applicability for obtaining sequence information
from b and y ions, even when only low levels of sample
are available, such as those encountered in proteomic
studies.

Using this technique, it is possible to obtain sequence
information in those instances where a single cleavage
from the protonated molecule dominates the MS/MS
spectrum. This is accomplished while maintaining the
high mass accuracy necessary for database searching.
This technique should also be applicable to other cases
where MS/MS does not provide sufficient sequence
and structural information, such as glycopeptides,
cross-linked peptides, and covalently bound peptide-
ligand complexes.
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Figure 4. QqTOF MALDI mass spectra of a phosphopeptide in DHB. (a) MS of a phosphopeptide,
with fragment ions shown. (b) Pseudo-MS® of fragment 2 (m/z 1279.624) selected from Figure 4(a),
localizing the phosphorylation site. Product ions indicated with a filled triangle formerly contained

the phosphoryl group.
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