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Factors That Influence the Observed Fast
Fragmentation of Peptides in Matrix-Assisted
Laser Desorption

Robert S. Brown, Bryan L. Carr, and John J. Lennon
Department of Chemistry and Biochemistry, Utah State University, Logan, Utah, USA

Fragmentation processes that occur very early during matrix-assisted laser desorption ioniza-
tion (MALDI) of peptides are examined by utilization of delayed pulsed ion extraction with a
linear time-of-flight mass spectrometer. The oxidized B chain of bovine insulin (MW = 3495.95
u), which produces a wide range of fragment ions, is utilized as a probe to examine the
effects of several experimental parameters on this process. Experimental evidence suggests
that this MALDI process is not prompt fragmentation and involves metastable ion decay that
is quite different from that which is observed with postsource decay experiments. This
conclusion is based upon the significant differences observed in the fragmentation products
produced by the two techniques. This metastable ion decay process also appears to be over
within the minimum pulse delay period (320 ns) that is possible with the current pulsed ion
extraction hardware. These two observations suggest that either different activation pro-
cesses are involved in the two techniques or that the much different time frame of the
methods influences the observed ion decay pathways. This fast MALDI metastable ion
fragmentation also is shown to be influenced by both the MALDI matrix and the laser

fluence. (J Am Soc Mass Spectrom 1996, 7, 225-232)

tion ionization (MALDI) has been considered pri-

marily as a “soft” ionization process that pro-
duces almost exclusively intact protonated molecular
analyte ion species [1-4]. In recent years, however, this
early understanding of the MALDI process has been
revised to take into account the significant degree of
metastable ion behavior that has been observed by
researchers utilizing reflectron-based time-of-flight
(TOF) mass spectrometers [5, 6], sector mass spectrom-
eters [7], and ion deceleration stages [8]. For peptide
and protein analytes, this metastable ion decay pro-
duces ion fragments due to both small neutral molecule
losses (H,O and NH,;) [7] and various peptide bond
cleavages [9].

Although not normally a concern with linear TOF
mass spectrometers, metastable ion decay can cause
serious degradation of the mass resolution obtainable
with jon mirror-based time-of-flight (TOF) mass spec-
trometers [6]. For a typical MALDI TOF mass spec-
trometer that utilizes continuous ion extraction,
metastable ion decay, which occurs in the source dur-
ing ion acceleration, results in incoherent ion signals
that contribute to background noise in the TOF spec-
tra. Longer time frame metastable ion decay that oc-

Since its introduction, matrix-assisted laser desorp-
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curs in the field-free region of a reflectron mass spec-
trometer results in improperly focused ions. This ion
defocusing in the reflectron is due to the decreased
kinetic energy of the decay ions relative to the stable
precursor ions. For small molecule losses, this is exhib-
ited as fronting on the precursor ion peak and can
result in serious mass resolution losses. This is particu-
larly problematic in the case of larger peptide—protein
analytes, which appear to be more susceptible to sub-
stantial metastable ion decay [6]. This metastable ion
decay phenomenon also may be responsible for the
poor MALDI results obtained with larger oligonu-
cleotide samples [10].

Although prompt fragmentation can be observed
with MALDI in a limited number of examples of
especially labile molecules [11, 12], the majority of the
ion fragmentation that is observed in reflectron-based
time-of-flight (TOF) mass spectrometers occurs after
the ions have been accelerated out of the ion source in
the field-free region prior to the ion mirror (presuma-
bly on the long microsecond time scale). This so-called
postsource decay (PSD) phenomenon may be due to a
combination of collisional activation of the molecules
(bimolecular process) during their continuous extrac-
tion through the initial dense plume of desorbed
species [9, 13] and to unimolecular ion decay associ-
ated with excess energy imparted to the ions during
the ionization stage of the MALDI process [6]. This
unimolecular activation has been suggested to be due
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to excess energy deposited in the analyte by the proton
transfer reaction early in the desorption process.

Although PSD of MALDI-generated ions can be a
problem in terms of lower mass resolution in time-of-
flight mass spectrometry and for long term ion stabili-
ties necessary for the various ion trapping mass spec-
trometers [14, 15], it has proven useful in the character-
ization of the primary structures of smaller peptides
[9]. By utilizing the ion mirror of a reflectron TOF mass
spectrometer as an energy compensating device [16,
17] it is possible to scan the range of ion energies that
are properly focused at the detector. This allows the
generation of a composite TOF spectrum of the
metastable fragment ions that result from the PSD of
precursor ions. Such studies on a variety of peptides
have shown that PSD ions are the result of common
amide bond cleavage reactions similar to what is ob-
served [9] in low energy collisional activation spectra
of peptides.

An alternative to ion mirror-based PSD experiments
that can be used to study very early time frame MALDI
metastable ion decay is the use of delayed ion extrac-
tion with a linear TOF mass spectrometer [18]. A
variable ion extraction delay period provides the time
necessary for fast metastable ion decay to occur in the
source prior to ion acceleration. The decay period ac-
cessible by this approach is determined by the delayed
ion extraction electronics employed and the initial for-
ward velocity of the MALDI-generated ions coupled
with the length of the ion source region where delayed
ion extraction is performed. For the instrumentation
employed for this work, the accessible time frame is
between 320 ns and about 4 us. Any metastable ion
decay that occurs after the ion extraction delay period
will either not be distinguishable from stable precursor
ions (field-free metastable decay) or appear as incoher-
ent background noise (metastable decay during ion
acceleration). Unlike the PSD experiment, a single set
of delayed ion extraction parameters produces a well
focused metastable ion decay spectrum over a wide
mass-to-charge ratio range. The potential analytical
utility for the study of the primary structures of sev-
eral common peptides and even some small proteins
with this technique has been reported [19).

With conventional PSD ion fragmentation experi-
ments, the relative role(s) of unimolecular and bi-
molecular processes on the PSD metastable ion frag-
mentation cannot be discerned. If one accepts the dense
plume model [9, 20] for MALD]J, the use of continuous
ion extraction of MALDI-generated ions through this
plume can be expected to lead to high collisional
activation of the ions during their acceleration out of
the ion source. Any unimolecular ion activation that
also occurs due to the ionization process itself [6]
cannot be distinguished in the resulting PSD spectra.
By employing delayed ion extraction with a linear TOF
mass spectrometer, the contribution of collisional pro-
cesses to the fast metastable ion decay spectra can be
minimized. The initial absence of an applied extraction
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field substantially limits the energy transferred by col-
lisions between neutrals and ions during the fast
metastable ion decay time frame. Any ion decay that
results from collisional activation after the delay pe-
riod when the extraction field is established in the
source will not be observed as discrete metastable
decay ions in a linear TOF instrument. By utilizing this
approach, the contribution that unimolecular ion decay
processes play early in the MALDI process can be
established.

Experimental

The delayed ion extraction linear TOF mass spectrome-
ter utilized in these studies has been described in
detail elsewhere [18] and only the major points will be
discussed here. A linear TOF mass spectrometer of
conventional design [21] was equipped with a floating
(up to 30-kV) high voltage pulser with the capability to
produce up to a 3-kV fast rise time (= 25-ns) voltage
output pulse. This output pulse voltage is applied to
the sample probe tip, which is mounted flush with the
surface of the repeller electrode of a conventional three
grid TOF source assembly. By optimal choice of the
applied pulse voltage [18], a wide mass-to-charge ratio
range of fast metastable decay ions can be studied in
a single TOF spectrum. Under optimal conditions, a
mass resolution of as high as 3500 [full width at half-
maximum (fwhm)] has been obtained for smaller pep-
tides (melittin) by utilizing a 500-megasample/s
(MS/s) transient digitizer and a 150-MHz bandwidth
amplifier (R. S. Brown, unpublished results). With the
elevated laser fluences employed to generate good
signal-to-noise fast metastable ion spectra, mass reso-
lution for the resulting fragment ion species is typi-
cally around 400-800.

A pulsed nitrogen laser (model PL2300, PTI Lasers,
Princeton, NJ) that produces 600-ps (fwhm) laser pulses
at 337.1 nm was used for all of the studies presented.
The oxidized B chain of bovine insulin used in these
studies was purchased from Sigma Chemical Com-
pany (St. Louis, MO) and was used as received with-
out additional purification. To insure that all chain B
fragment ions observed with delayed ion extraction
were due to MALDI metastable ion behavior and not
to impurities or solution degradation products, con-
ventional continuous ion extraction TOF mass spectra
under identical conditions were collected on the same
linear TOF mass spectrometer. All MALDI matrices
employed in these studies were purchased from
Aldrich Chemical Company (Milwaukee, WI). Ferulic
acid (4-hydroxy-3-methoxy cinnamic acid) was puri-
fied after receipt by sublimation followed by recrystal-
lization from a 1:1 v/v acetonitrile/water solution.
All other matrices were used as received. Matrix solu-
tions were prepared as approximately 10-mM solu-
tions in acetonitrile /water (30/70 v /v) to which 0.1%
trifluoroacetic acid was added. Analyte solutions were
prepared in distilled deionized water at a concentra-
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tion of 10 uM. Samples were deposited (0.5-uL analyte
followed by 2.5 uL of matrix) via a microsyringe onto
a 3-mm-diameter stainless steel probe tip, mixed with
the end of the syringe needle, and allowed to air
evaporate.

Data were collected at 5 ns/point time resolution
and the resulting TOF spectra (average of typically 50
laser pulses signal averaged) were mass calibrated via
a standard [22] two point linear fit from two known
masses (singly and doubly protonated oxidized B chain
molecular ions) and their associated flight times. The
often low level of peptide fragment ions produced
under the MALDI conditions employed resulted in a
dynamic range problem for the 8-bit transient digitizer
(LeCroy, Chestnut Ridge, NY, model 8828) when higher
laser fluences were employed. To characterize the low-
est intensity fragment ion data with acceptable signal-
to-noise ratio, the gain of the amplifier could be in-
creased such that the protonated molecular ion signal
was not within the range of the transient digitizer
input signal levels. This allowed identification of low
level fragment ions but required an initial TOF spec-
trum to be taken with the protonated molecular ions
"“on scale” for mass calibration purposes.

Analyte photodegradation studies employed a
model RPR-100 photochemical reactor (Southern New
England Ultraviolet Co., Middletown, CT). This reactor
produced approximately 336 W of UV irradiation from
16 lamps whose spectral output was centered at 300
nm and exhibited a fwhm of +30 nm.

Results and Discussion

Figure 1 shows the suggested ion structures for the
fast metastable ion decay species that have been ob-
served with delayed ion extraction. The most facile
bonds for cleavage in peptides involve the amide link-
ages between the amino acid residues. A systematic
nomenclature [23] has been utilized to describe the ion
species observed in collision-induced fragmentation
mass spectra peptides. Via this nomenclature, PSD
ions have been reported [9] to produce primarily ion
series of the type a,, a,-17, b,, and b,-17 for a series of
low to moderate mass peptides. Recently, similar ion
series (primarily a, and b,) have been reported [24] as
the MALDI metastable ion decay species observed in

‘H’
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HN-C-C-N-C-C-N-C-C-OH
R, HR2 R,

Figure 1. Possible structures for MALDI fast metastable ion
fragments.
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an ion trap storage reflectron time-of-flight (IT /reTOF)
instrument, which extends the time frame for meta-
stable ion decay to 10-20 ms.

The fast MALDI metastable ion decay products ob-
served by delayed ion extraction result from very
different bond cleavage reactions than those observed
in PSD experiments. Although the exact ion fragmen-
tation for a particular analyte is somewhat matrix
dependent (see subsequent discussion), the positive
ion fragmentation series that have been identified in-
volve c,-, y,-, and z,-type ions. The z -type ions ob-
served in the fast metastable ion decay correspond to a
15-u mass difference relative to the y, ion series. This
is in contrast to the 17-u difference for z -type ions
observed in collisional activation tandem mass spec-
trometry. Such significant differences between the PSD
and delayed ion extraction experiments are consistent
with different ion decay pathways being dominant in
the two experiments.

If unimolecular decay processes are responsible for
the fragmentation observed by delayed ion extraction,
a number of possible energy transfer processes could
be involved. Although prompt photodissociation of
peptides has been reported at much shorter wave-
lengths [25] and does produce fragmentation that is
similar to that observed in the MALDI fast metastable
ion decay spectra, the long UV wavelength (337.1 nm)
and the low molar absorptivities of the analytes at this
wavelength should prevent direct photon-induced dis-
sociation. A more likely activation process for this
fast metastable ion decay would seem to involve
some initial energy transfer from a strongly absorbing
desorption species (i.e., matrix molecules or matrix
fragments) as has been proposed by other researchers

[6].

Matrix Influence on Fast Metastable
Ion Fragmentation

One factor that is known to influence the degree of
PSD that is observed [6] is the MALDI matrix that is
utilized. To examine the effect on the fast metastable
ion decay of the MALDI matrix, a suitable probe
analyte is needed. The oxidized B chain of bovine
insulin was chosen as a representative model peptide.
From earlier studies [19], this moderate sized peptide
was observed to exhibit significant metastable ion de-
cay on the necessary time scale.

Several common MALDI matrices were selected
based upon differences in both their chemical struc-
tures and matrix characteristics. The 2,5-dihydroxy
benzoic acid (DHB) matrix was known from previous
studies [19] to provide the most general series of
fragments for small to moderate sized peptides. Ferulic
acid (4-hydroxy-3-methoxy cinnamic acid) and sina-
pinic acid (3,5-dimethoxy-4-hydroxy cinnamic acid)
were chosen as two of the more widely utilized MALDI
matrices. They also could provide a measure of how
sensitive the fast MALDI metastable ion decay is to
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subtle structural changes. The high degree of PSD
activation observed with a-cyano-4-hydroxy cinnamic
acid [6] made it a logical choice. The additional ten-
dencies for this matrix to induce higher charge state
ions and to produce lower matrix adduct ions [26]
were also factors in its selection. The 4-hydroxy-a-
phenyl cinnamic acid matrix is included because it
produces similar reduced matrix adduction, but no
enhancement in multiple charging. Finally, the 7-hy-
droxy coumarin matrix was chosen for inclusion be-
cause of its (presumably) much different proton trans-
fer process.

The fast metastable jon decay that was observed for
the insulin B chain sample in these different matrices is
summarized in Table 1. The 10 most intense fragment
ions that were observed for each matrix are noted in
bold typeface. Given the differences in the MALDI
properties of the matrices studied, it is somewhat
surprising to note the general similarity of the fast
MALDI fragment ions that are observed. In the major-
ity of cases, only the relative intensities of the frag-
ments change with the matrix. What does seem to
change with the matrix is which particular amide

J Am Soc Mass Spectrom 1996, 7, 225-232

residue is more susceptible to cleavage. Although the
observed differences in the relative intensities of the
fragment ions from matrix to matrix are often subtle,
they are reproducible for a given set of experimental
conditions. In an attempt to provide a measure of the
reproducibility, three similar samples (insulin B chain
in 2,4-dihydroxy benzophenone) were prepared and
spectra were recorded for each from three different
sample surfaces. By using the 10 most intense frag-
ment ions (normalized as a percent of the doubly
protonated molecular ion), the standard deviation in
the intensity for each individual fragment ion was
determined for the nine spectra. The average of the
standard deviation for these fragment ions was 7%.
Figures 2, 3, and 4 demonstrate some of the varia-
tions in the observed metastable fragmentation for
different matrices. The DHB matrix (Figure 2) pro-
duces both intense y,- and c,-type fragment ions,
which generally provide complementary sequences in-
formation for this peptide. The ferulic acid spectrum
shown in Figure 3 exhibits fewer and often less intense
y, fragments. Certain y, fragments, such as the large
y,5 fragment (a leucine cleavage), are more intense.

Table 1. MALDI rapid metastable decay ions observed for the oxidized B chain of bovine insulin (MW = 3495.95)

in various matrices®

Residue® 2,5-DHB*® Ferulic Sinapinic 4-HACCA® 4-HAPCA® 7-HC'
Phe Y29 239 Y29 Y29 239 Y29 Z29 Y29 Y29
Val Y28 228 Y28 228 Y28 228 Y28 238 Y28
Asn Y27 227 Y27 237 Y27 237 Y27 227 Y27 Y27 227
Gin Yoe 226 Yas  Za6 Yas 226 Y26 228 Yag
His Y25 225 Y25 225 235 Y25 235 Y25
Leu Y24 224 Cs Y24 Ya2a 224 Y24 224 Y2a Y24
Cys Y23 Z23 Ce Y23 Cs Y23 Cg Y23 Z33 Y23 Y23 Cg
Gly Y22 222 C7 Y22 232 €7 Y22 232 Y22 232 Y22 cy Y22
Ser Ya1 Z21 Cg Y21 Z24 Cg Y21 Zy Cqg Y21 229 Y21 Cs Ya1 Cg
His Y0 Za0 Cs € Yao €3 Yao 230 Y20 Y20
Leu Y19 Zyg €10 Ci0 Y19 €10 Y19 219 Yio Cio Yo
Val Y18 218 €1 Y18 €1 Yis 218 Ci1 Yis Z1g C11 Yis C Y18 Cn
Glu Y17 217 Ci2 Ci2 Y17 €2 Yi7 237 Ci2 Y17 Ci2 Y17 Cy2
Ala Yie 216 Cia Yie Z1g Ci3 Yie Ci3 Yie Zys €13 Yis Ci3 Yie Ci3
Leu Y15 245 Cia Yis Cia Y1s Cia  VYis Z;5 Cia Yis Cig Yis Cia
Tyr Y14 244 Cis Y14 214 Cis Y14 Cis Yia Z1a C15 Yia Cis Yi4 Cis
Leu Y13 213  Cie Ci6 €6 Vi3 Ziy3 €16 Y13 Cig Y13 Cie
Val Y12 Z12 Ciz Y12 Ci7 Yi2 Cy7 Y12 212 €17 Y2 Cy7 Y12
Cys Y 21 Cig Yn 1 Cig Yn Zn Cig Y Znn C13 Yn Cig Yn Cis
Gly Yie. Zwo G Zig Cis Yo Zyo Yio  Zpo €19 Yo Zo
Glu Yo Zq €20 Yo €20 Ys Zg Ca0 Ys Zg Cy0 VY9 C20 Yo Zg
Arg Ys Zg €31 Y C21 C24 Zg Ys Ys Zg
Gly Y7 Z; €22 Yy Caz Yy Ca22 Ca2 €22 V7 Z7
Phe Ys Zg Ca3 Ye €23 Cas3 Ca3 Ca3 Ys Ca3
Phe Ca4 Caq C24 €24 C2a Cas
Tyr C25 Cas €35 C2s
Thr C2g C26 Cae C26
Pro
Lys Cas Cas Cas Cas
Ala C29 €29 C29 €29 Ca9 Cag

?Most intense in bold.
Chain B sequence.
€2,56-Dihydroxy benzoic acid.
a-Cyano-4-hydroxy cinnamic acid.
®a-Phenyl-4-hydroxy cinnamic acid.
7-Hydroxy coumarin.
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Figure 2. MALDI fast metastable ion decay spectrum of the
oxidized B chain of bovine insulin obtained with delayed ion
extraction. 2,5-dihydroxy benzoic acid matrix, 540-ns extraction
delay, 1.50-kV pulsed extraction voltage, and 24-kV ion source
bias voltage.

The greatest differences (although not dramatic) in the
metastable ion fragments were observed with the
weakly acidic 7-hydroxy coumarin (Figure 4). Instead
of a strong c¢,, fragment ion series as observed with the
aromatic carboxylic acid-based matrices, the y, frag-
ment ion series are dominant and the ¢, fragment ion
series is weaker and less complete. The intense ions at
low mass-to-charge ratio in Figures 3 and 4 denoted
with an asterisk are due to the matrix.

From our studies to date, it appears that for all
MALDI matrices that produce strong protonated pep-
tide ion signals, some fast metastable ion decay occurs.
This fact, along with the differences in fragmentation
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Figure 3. MALDI fast metastable ion decay spectrum of the
oxidized B chain of bovine insulin obtained with delayed ion
extraction. 4-hydroxy-3-methoxy cinnamic acid matrix, 540-ns
extraction delay, 1.50-kV pulsed extraction voltage, and 24-kV
ion source bias voltage.
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Figure 4. MALDI fast metastable jon decay spectrum of the
oxidized B chain of bovine insulin obtained with delayed ion
extraction. 7-hydroxy coumarin matrix, 540-ns extraction delay,
1.50-kV pulsed extraction voltage, and 24-kV ion source bias
voltage.

observed for the weakly acidic 7-hydroxy coumarin
matrix, may indicate that proton transfer plays an
important part in fragmentation. If an exothermic pro-
ton transfer reaction [6] occurs at some point early in
the desorption process between the analyte and a ma-
trix molecule (or fragment), the resulting excess energy
transferred to the analyte during protonation may re-
sult in bond cleavages that are localized to a protona-
tion site (amide group). Additional support for the
importance of a proton transfer to the fast metastable
ion decay process involves cationized peptide ions. In
the case of MALDI spectra of smaller peptides such as
substance P, cationization (e.g., [M + Na]*) readily
competes with protonation when the sample is doped
with an appropriate salt. In peptide samples examined
to date, which produce significant amounts of both
cationized and protonated molecular ion species, no
cationized fragment ion species have been observed.

Extraction Delay and Laser Fluence Effects

Figure 5 shows a typical MALDI fast (560-ns extraction
delay) metastable ion decay spectrum of the oxi-
dized B chain of bovine insulin obtained from a 2,5-
dihydroxy benzoic acid matrix near threshold irradi-
ance. This spectrum demonstrates the low relative
intensity of fragment ions generated at laser fluences
typical of continuous ion extraction experiments. The
most intense fragments observed are comparable in
intensity to the matrix adduct ion species (i.e., ions
with intact matrix or matrix fragments bound to the
analyte). This can be compared to the spectrum in
Figure 2 that was taken from the same sample (differ-
ent surface) at elevated laser irradiance levels. The
laser fluence was adjusted to produce a singly proto-
nated molecular ion signal for the oxidized B chain of
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Figure 5. MALDI fast metastable ion decay spectrum of the
oxidized B chain of bovine insulin obtained with delayed ion
extraction near threshold irradiance. 2,5-dihydroxy benzoic acid
matrix, 540-ns extraction delay, 1.50-kV pulsed extraction volt-
age, and 24-kV ion source bias voltage.

bovine insulin that was approximately a factor of eight
times larger than the signal obtained near threshold
irradiance. Although the improvement in the signal-
to-noise ratio of the higher laser fluence spectrum is
obvious, there is very little difference in the relative
ion signals observed in the two spectra. This suggests
that a very linear, first order decay process is involved
in the case of 2,5-dihydroxy benzoic acid as the MALDI
matrix. With the exception of an unusually facile bond
cleavage (y,; ion) observed to increase at higher laser
fluence when a-cyano-4-hydroxy cinnamic acid matrix
is used as a matrix (vide infra), similar results are
observed for the other matrices studied.

A key question with regard to the nature of the
metastable ion decay process in MALDI is what link, if
any, exists between the short and long time frame
metastable ion decay processes. Although the signifi-
cantly different ion fragment series observed suggests
fundamentally different ion activation processes are
involved, do PSD-type fragment ions begin to appear
at longer extraction delay tires? To address this ques-
tion, delayed extraction experiments were conducted
within the time frame between 320 ns and 2 us after
the laser pulse. Results for the various common MALDI
matrices that were examined are similar and only the
results obtained with a-cyano-4-hydroxy cinnamic acid
will be presented.

Figure 6 shows three MALDI mass spectra pro-
duced by utilizing a-cyano-4-hydroxy cinnamic acid
as the matrix with continuous ion extraction (top) and
delayed ion extraction at delay times of 350 ns (mid-
dle) and 1060 ns (bottom). The spectra were produced
from different sample surfaces of the same sample
preparation where the singly protonated molecular ion
signals were of similar intensity (+5%). The same
laser fluence (slightly above threshold irradiance) was
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Figure 6. Effect of the ion extraction delay used on the yield of
the fast metastable ion decay species from the oxidized B chain of
bovine insulin produced by utilizing a-cyano-4-hydroxy cin-
namic acid as the matrix. Continuous ion extraction (25-kV source
bias) spectrum (top), 350-ns extraction delay (middle), and 1060-
ns extraction delay (bottom).

utilized for each of the mass spectra. The spectra are
plotted on the same vertical scale for comparison. No
fragment ions are observed for the continuous ion
extraction spectrum, which demonstrates that some
finite period exists between ion formation and frag-
mentation. Although the delayed ion extraction experi-
ment offers significant signal-to-noise enhancement
over continuous ion extraction, this cannot explain the
lack of observed fragment ions in the case of continu-
ous ion extraction. The most intense fragment ion
species observed (see also Figure 5) are clearly of
similar intensity as the matrix adduct ion species that
are observed well above the noise in continuous ion
extraction experiments. These facts strongly suggest
that the fragment ions observed are due to metastable
ion decay.

The two delayed ion extraction spectra in Figure 6
are remarkably similar in terms of fragment ion types
and intensities. A slight increase in the y;; fragment
(about 25%) is the only significant difference observed
at longer extraction delay. Significantly, no PSD-type
ion fragments appear with increased delay. No signif-
icant changes in fragmentation with delay period were
observed in similar experiments that used ferulic acid,
sinapinic acid, and 2,5-dihydroxy benzoic acid. Within
the experimental constraints of the reproducibility typ-
ical of MALDI, it appears that most, if not all, of the
fast metastable ion decay is complete within the mini-
mum delay period (320 ns) possible with our current
delayed extraction instrumentation.

The y,; fragment ion that is observed to increase in
Figure 6 as a function of the extraction delay time that
is employed is an exception to the general observation
that the fast fragmentation is complete very early
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(< 320 ns) in the desorption event. The y,; fragment
ion appears to involve a very facile bond cleavage
reaction when a-cyano-4-hydroxy cinnamic acid is em-
ployed as the matrix. This intense fragment ion corre-
sponds to cleavage at an oxidized cysteine residue in
the bovine insulin B chain analyte. Although the two
(oxidized) cysteine residues in the B chain of bovine
insulin normally are observed to be prominent bond
cleavage sites with other matrices (see cg, c1g, and y,;
fragments in Figure 2), the a-cyano-4-hydroxy cin-
namic acid matrix seems to induce more pronounced
fragmentation at the y;, site. This particular fragmen-
tation also increases dramatically with the laser fluence
for this matrix. By utilizing a fixed metastable ion
decay period of 1060 ns, MALDI spectra (Figure 7)
were collected from three different surfaces of a sam-
ple of the B chain of insulin prepared in a-cyano-4-
hydroxy cinnamic acid. The laser fluence was adjusted
for each spectrum so that increasing intensities (1X,
2% and 5X ) of the singly protonated molecular ion
species were produced.

The y,, ion fragment is observed to increase in
intensity to about 90% of the intensity of the singly
protonated molecular ion species as the laser fluence is
increased. Because each of the spectra in Figure 7 are
scaled based upon the singly protonated molecular ion
intensities in each spectrum, the apparent increase in
the relative intensity of the other metastable fragment
ions at the highest employed laser fluence is deceptive.
Because the singly protonated molecular ion intensity
is used to establish relative scaling between spectra,
the significant degree of parent ion fragmentation af-
fects the scaling in the high laser fluence spectrum. If
the approximately equal intensities of the y,; ion frag-
ment and the singly protonated molecular ion are
taken into account, the relative intensities of the frag-
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Figure 7. Effect of increased laser fluence with constant ion
extraction delay (1060 ns) on the yield of fast metastable ion
decay species from the oxidized B chain of bovine insulin and
a-cyano-4-hydroxy cinnamic acid as the matrix.
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ment ions should be reduced by about a factor of 2.
This would make them similar in relative intensity
(except for the y,, ion) to what is observed at lower
laser fluence. Such a dramatic increase in a single
fragmentation pathway has only been observed to date
with a-cyano-4-hydroxy cinnamic acid. The reason for
this unusually intense bond cleavage at the y,, posi-
tion with the oxidized B chain of bovine insulin and
a-cyano-4-hydroxy cinnamic acid as the matrix is not
explained easily. The strong laser fluence dependence
suggests that some form of highly specific photon
activation process may be occurring, but the nature of
this process is not readily apparent.

Photon-induced sample degradation in the solid
state prior to desorption could be argued, in lieu of
metastable ion decay, as a possible source for some of
the fragment ions observed with delayed ion extrac-
tion. However, given the significant intensities of some
fragment ions even under near threshold laser irradi-
ance, such solid state degradation products surely also
would be observed in conventional continuous ion
extraction MALDI experiments. Attempts to enhance
the yield of insulin chain B fast fragmentation by
preirradiation of MALDI samples in a UV photoreactor
yielded no increase in amide bond-related cleavages.
Multiple disulfide bond cleavage reactions previously
observed in the fast fragmentation MALDI spectra of
porcine insulin (sinapinic acid matrix) [19] at levels
comparable to ¢, y,, and z, fragment ions were found
to be enhanced greatly by UV irradiation in the pho-
toreactor prior to MALDI. Although ion intensities for
fragments that correspond to the reduced form of the
individual A and B chain could be increased to almost
the intensity of the singly protonated molecular ion
(20-min irradiation), the only other fragmentation ob-
served to increase was analyte decarboxylation. Simi-
lar disulfide cleavages of peptides have been reported
in continuous ion extraction experiments [27, 28] and
have been attributed to prompt fragmentation during
desorption. These experiments suggest that disulfide
bond cleavages and analyte decarboxylation observed
in MALDI are due to photodegradation in the solid
prior to desorption. The lack of increase in amide bond
cleavages after photoirradiation suggests that c,, y,,
and z, fragment ions observed in delayed extraction
MALDI are not due to solid state photodegradation.

Conclusions

The large differences between the metastable ion frag-
ments observed with reflectron PSD experiments and
delayed ion extraction on a linear TOF experiments
most probably are due to bimolecular collisional pro-
cesses that dominate the PSD process. The low inten-
sity fragmentation observed in the present studies with
delayed ion extraction are consistent with a unimolec-
ular ion activation process, possibly associated with
the proton transfer step in MALDI. Similarities in the
observed fragmentation with different matrices sug-
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gest a common process that provides similar degrees
of ion activation. Additional studies with a wider
range of matrices may provide additional insight into
the fragmentation mechanisms that are involved.
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