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An introduction to primary structure analysis of biomolecules by matrix-assisted laser desorption/ionization
(MALDI) post-source decay (PSD) is given, sketching the principles and applications of the method for scientists
in molecular biology, biochemistry and biomedicine. The fundamentals of PSD are described in order to explain
the potential and limitations of its applicability. Two examples of peptide sequencing of a completely unknown
peptide and of a database-listed peptide are presented and the procedure of (non-automated) amino acid sequence
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INTRODUCTION

Mass spectrometric analysis of product ions from post-
source decay of precursor ions that were formed by
matrix-assisted laser desorption ionization (MALDI-
PSD)1h4 has evolved into a powerful method for
primary structure analysis of biopolymers. Especially in
the Ðeld of peptide sequencing, MALDI-PSD has been
widely applied, mainly because of its high sensitivity for
prepared sample amounts in the range 30È100 fmol and
because of its high tolerance of sample impurities and
sample inhomogeneity.5h12

Automated Edman degradation as the primary
method of peptide sequence analysis is now being
increasingly replaced by mass spectrometric (MS)
methods13,14 such as electrospray ionization combined
with triple-quadrupole or ion-trap mass
spectrometers15 and by MALDI-PSD. Compared with
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Edman sequencing, the main advantages of mass
spectrometric peptide sequencing are its compatibility
with chemical modiÐcations (derivatization, glycosyla-
tion, N-terminal modiÐcation, etc.), its much higher
sensitivity and the possibility of analyzing multi-
component samples and (especially in the case of
MALDI-PSD) just barely puriÐed samples. The simpli-
city of the instrumentation required for MALDI-PSD
(compared with classical four-sector MS/MS instru-
ments or triple-quadrupole instruments) and the simpli-
city of operation have led to the rapid acceptance of the
method and to its broad application in molecular
biology.16h23

METHODS AND MECHANISMS

Fundamental aspects of ion stability and post-source
decay

PSD analysis is an extension of MALDI/MS that
allows one to observe and identify structurally informa-
tive fragment ions from decay taking place in the Ðeld-
free region after leaving the ion source.

After the development of MALDI24h26 as a new and
brilliant technique for the analysis of very large bio-
molecules in the mass range up to more than 100 000 u,
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it was Ðrst concluded that ions formed by this technique
must be extremely stable and internally cool and that
MALDI is therefore a very “softÏ ionization technique.
The main reason for this assumption was that these
large molecules could be desorbed and ionized intact
(which was impossible with ionization techniques avail-
able at that time), that no fragment ions were observed
in the spectra apart from the molecular ion signal and
that these molecular ions obviously survived hundreds
of microseconds during their Ñight through the instru-
ment until detection. A few unexplained observations,
however, puzzled the developers at that time, Ðnally
leading to considerable doubts about the general stabil-
ity of MALDI ions :

mass resolving power of MALDI instrumentsI The
was extremely low at Ðrst, not exceeding values of
M/*M in the range 30È50 (meaning that neighboring
ion signals at 100 000 and 103 000 u remained
unresolved). The main limitation of mass resolution
was found to be located in the ion detection step,27
but even taking that into account the remaining peak
widths were still too large.

developing new MALDI instruments withI Scientists
acceleration voltages higher than that of the original
MALDI instrument obtained better results with
linear time-of-Ñight analyzers than with ion reÑector
analyzers (used for compensation of initial energy
distributions).

with ion reÑectors did not exhibit aI Instruments
higher mass resolving power than linear instruments,
even though the former were known to possess a high
resolving power with classical ionization techniques.

reasonable sensitivity and mass resolving powerI A
was found even with a WileyÈMcLaren-type time-of-
Ñight mass spectrometer in the very early days of
MALDI-MS28 using orthogonal acceleration and
delayed ion extraction with an acceleration voltage of
only 150 V and a total ion kinetic energy of only 3000
eV (Fig. 1). If the decrease in mass resolving power
was resulting from ion instability, one would suggest
that only instruments with high acceleration voltages
(short total ion Ñight times) should give acceptable
results, rather than instruments that use free expan-
sion of ions over microseconds before ion acceler-
ation.

high energy deÐcits were observed in ionI Extremely
retarding experiments, which could only be attributed
to fragmentation rather than energy loss of stable
ions.29,30
Retarding Ðeld experiments Ðnally could be used to

quantify the instability of MALDI-generated ions and
characterize its dependence on several instrumental
parameters.3 Using a specially designed deceleration
stage in a linear time-of-Ñight instrument, the Ñight time
of stable molecular ions could be increased at constant
Ñight times of neutral products from the decay of these
ions. Analysis of the signal intensities of the two signals
from stable ions and from neutral decay products led to
the determination of unimolecular decay rates and colli-
sion cross-sections as a function of instrumental and
methodological parameters. One of the most important
parameters for post-source decay was found to be the
initial acceleration Ðeld. Figure 2 summarizes the
behavior for the case of the peptide substance P. The
diagram shows the strong increase in the unimolecular
rate constant with increasing initial Ðeld strength. This
behavior directly explains the high sensitivity for large
ion detection in the early experiments using a pulsed
extraction instrument (Fig. 1) and also the original
MALDI instrument employing a comparably low initial
acceleration Ðeld. The use of zero initial acceleration
Ðeld leads to a minimized decay rate of ions formed.

The physical reason for the observed dependence of
ion stability on the acceleration Ðeld strength can be
better understood after discussion of another experi-
mental observation. Figure 3 displays an ion density
distribution of a neat matrix sample [2,5-dihydroxyben-
zoic acid (DHB)] and of a typical sample preparation of
substance P in DHB matrix. The ion densities were
measured by angular resolved time-of-Ñight detection
after Ðeld-free expansion of laser-desorbed material.
Flight time and mass evaluation allowed us to recalcu-
late, for a given “snapshotÏ time, the actual spatial dis-
tribution of the ions measured.31

The upper image from the neat matrix sample shows
a slightly forward peaked distribution with the highest
ion densities for the slowest ions. In contrast, the lower
image taken from the MALDI preparation of substance
P in DHB at a low molar ratio of matrix to analyte
shows considerable quenching of the slow matrix ions

Figure 1. Scheme of an early MALDI mass spectrometer with Wiley–McLaren-type pulsed ion extraction.28
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Figure 2. Unimolecular rate constant of peptide ions in the field-free drift region of a linear time-of-flight instrument as a function of the
field strength above the sample surface at the laser pulse time. A decay rate about five times lower for the case of a delayed ion extraction
(zero initial field) was found, compared with typical conditions of 10 kV cmÉ1 in prompt extraction instruments.

Figure 3. Ion density distribution of matrix and peptide ions
above the surface of a MALDI sample 1 ls after the laser shot. (A)
Neat matrix sample (dried droplet method) of 2,5-dihydroxy-
benzoic acid (DHB); (B) substance P prepared in DHB matrix
(dried droplet method). Blue dots : matrix ions ; Red dots : sub-
stance P ions.

(blue dots) that were of high intensity in the measure-
ments of the neat matrix sample. The detected sub-
stance P ions instead overlap the region of quenched
matrix ions. It is therefore assumed that substance P
ions are formed by proton exchange between matrix
ions and neutral substance P molecules in the gas
phase. The “overlap modelÏ derived from these
measurements31 helps in understanding the ionization
process in MALDI, in explaining the observed energy
deÐcits32 and surplus energies and in explaining the
dependence of ion stability on initial acceleration Ðeld
strength, as described in the following. It is known from
earlier investigations33 that for smaller molecules of
high spectral absorption the number of neutral mol-
ecules desorbed by UV laser irradiation is orders of
magnitude higher than the number of ionized mol-
ecules. The velocity distribution of these neutral mol-
ecules is comparable to that observed for their ions. It
can therefore be concluded that the cloud of faster
matrix ions in Fig. 3(B) in front of the cloud of sub-
stance P ions represents a much denser cloud of neutral
matrix molecules. By acceleration of the substance P
ions through this cloud of neutral matrix molecules, a
large number of collisions take place, leading to a con-
siderable increase in internal energy (and thus
instability) of the analyte ions. The increase in fragmen-
tation rate with increasing initial acceleration Ðeld
strength is thus a direct result of the increase in collision
energies of the multiple ionÈneutral collisions.

The actual peak pressures above the surface after the
desorption event can be estimated from the angular
measurements described above. A diagram of this esti-
mation (Fig. 4) indicates peak pressures in the region of
1 mbar even at a distance of 100 lm above the surface,
a pressure still high enough to induce many ionÈ
molecule collisions.
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1022 B. SPENGLER

Figure 4. Estimated peak pressures of a MALDI plume derived from experimental data used for Fig. 3.3 It was assumed that 1 lm3 of
material was ablated by a single laser pulse.

The Ðeld-dependent instability of MALDI ions
described in Fig. 2 can now be interpreted much more
easily. The strong decrease in unimolecular decay with
decreasing Ðeld strength is simply due to the decrease in
the collisional energies of the multiple low-energy colli-
sions in the desorption plume just above the surface
during prompt ion acceleration. It is obvious from the

data, however, that the unimolecular rate constant does
not vanish at zero initial Ðeld strength. Another
pathway of ion activation seems to exist that is indepen-
dent of low-energy collisions in the gas phase, taking
into account that the slight di†erences in initial kinetic
energies between the ions can be neglected as a source
of collisional activation.

Figure 5. Principle of PSD analysis in MALDI/MS, using a two-stage gridded ion reflector. PSD ions reflected in the second stage of the
reflector are imaged as well resolved ion signals in front of the signal of the stable precursor ion signal. Smaller PSD ions reflected in the first
stage of the reflector are detected as a broad unresolved signal. Mass analysis of these ions is done in a series of consecutive steps by
lowering the potentials and of the reflector grids. Total instrument lengths can vary between 1 m and several meters.U

1
U

2
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Figure 6. Scheme of PSD reflector geometries. Off-axis instruments (top) require a larger detector and usually a second flight tube.
On-axis instruments can be built with one flight tube and with a smaller detector.

Finally, high-energy collisions taking place after ion
acceleration in the Ðeld-free drift region might play a
role in ion activation. They can be controlled (using gas
collision cells) or random (due to collisions with
residual gas molecules). Table 1 summarizes the three
main mechanisms of ion activation in MALDI mass
spectrometry.

For PSD analysis all three mechanisms might play an
important role. In modern time-of-Ñight instruments for
MALDI-PSD, however, delayed ion extraction is used
in order to increase the mass resolution of the observed
spectra. In that case, mode 2 of ion activation is of
minor importance, since the density of the cloud of
neutral molecules is already low at the time of ion accel-
eration. This, however, does not deteriorate the sensi-
tivity of MALDI-PSD since the lower decay rate is

compensated for by the better signal-to-noise ratio due
to the increased mass resolving power.34

In certain cases, high-energy collisional activation is a
favorable activation method for enhancing PSD. The
use of the complete instrument as a “gas collision cellÏ
(by increasing the residual gas pressure) is the easiest
way of realizing this appraoch. High-energy collisions
taking place at very di†erent locations within the ion
beam path, however, lead to measurable peak broaden-
ing. Collision cells, on the other hand, have to be
designed carefully in order to avoid ion transmission
losses.

It has to be kept in mind that for all three activation
modes the location of ion decay is always in the Ðeld-
free drift region, regardless of the location of ion activa-
tion.

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY VOL. 32, 1019È1036 (1997)
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Figure 7. Ion gate performance using a high-voltage switch with a minimum opening time of 80 ns. A gating resolution of 110 is achieved
at mass 5811.7 u.

PSD in its physical context is certainly not an exclu-
sive feature of the MALDI source. Mass spectrometric
analysis of so-called metastable ions has been known
and heavily employed for many years.35h39 “Post-source

decayÏ has been chosen as a rather generic instrumental
term describing the sum of all fragmentation pheno-
mena (metastable ion decay, low-energy collision-
induced dissociation, high-energy collision-induced

Table 1 Activation mechanisms in MALDI leading to ion instability and post-source decay

Mode

1 2 3

Activation Sample In-source Post-source

mechanism activation activation activation

Activation region Surface/sample Selvedge Vacuum

Activation Direct photon–molecule Multiple low to medium High-energy collisions

processes interactions, solid-state energy collisions

activations, temperature

effects, excess energy from

ionization

Time-scale ps–ns ns–ls ls–ms

Distance from surface 0 Ä200 lm ¿acceleration zone

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY, VOL. 32, 1019È1036 (1997)
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Figure 8. Ion gate performance for cutting an ion beam on one edge only. A selectivity of 512 is achieved for a peptide at mass 1270.6 u.

dissociation as described by activation modes 1È3) rele-
vant for MALDI time-of-Ñight instruments.

Practical issues of MALDI-PSD analysis

In the PSD mass analysis of biomolecules, the goal is to
detect with high sensitivity characteristic product ions,
and to interpret with that mass information the primary
structure of the precursor molecule. The principle of the
set-up of a mass spectrometer for PSD analysis is
shown in Fig. 5.

The sample is irradiated by a pulsed UV laser beam
of wavelength typically 337 nm laser). Ions are(N2formed and accelerated in a two-stage acceleration
system, which usually employs pulsed (delayed) ion
extraction. After leaving the ion source, all ions have the
same nominal kinetic energy, most of them are still
unfragmented precursor molecular ions and they have
already acquired internal energy by various mechanisms
(gas-phase collisions, laser irradiation, thermal mecha-
nisms, etc.). During their Ñight through the Ðeld-free
drift region they have a long time available for post-
source decay into product ions. These product ions still

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY VOL. 32, 1019È1036 (1997)
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Figure 9. Nomenclature of peptide fragment ions according to Refs 49 and 50.

have basically the same velocity as their precursor ions
but now have a much lower kinetic energy owing to
their lower mass. The kinetic energy of the product ions
is a measure of their mass. In linear instruments, PSD
ions are detected at the same time as their precursors
and therefore cannot be mass analyzed. The ion reÑec-
tor, in classical time-of-Ñight instruments used as a
device for Ñight time compensation of initial energy dis-
tributions, is used here as an energy analyzer and thus
as a mass analyzer for PSD ions. Owing to their mass-
dependent kinetic energies, PSD ions are reÑected at
di†erent positions within the reÑector (at di†erent equi-
potential surfaces) and thus have mass-dependent total
Ñight times through the instrument.

In typical PSD instruments, a complete product ion
spectrum has to be acquired in several steps. This is
because an ion reÑector as shown in Fig. 5 is able to
analyze energies (i.e. PSD ion masses) only within a
certain range with sufficient resolution. Part of the
product ion spectrum appears as well resolved signals,
accompanied by a broad region of lower mass signals.
In order to mass analyze these lower mass ions, the
potentials of the reÑector have to be decreased in steps
until all product ions have been imaged with sufficient
mass resolution.

Finally, all sections of the PSD spectrum have to be
concatenated by the computer and mass calibrated.
This method of fragment ion detection is not unique to
MALDI-PSD-MS but has been employed earlier in
PDMS and SIMS studies of metastable ions.40,41

The actual geometry of PSD reÑector instruments
varies. O†-axis detection42 (Fig. 6, top) has the advan-
tage of geometrically blanking all secondary ions or
electrons formed at the grids of the reÑector. As can be
seen from the scheme, however, they require a much
larger detector, since PSD ions reÑected at di†erent
positions within the reÑector are laterally spread over
the detector. Coaxial detection,43 on the other hand, is
possible with a simpler instrumental setup, within the
same Ñight tube and with a smaller detector.

In addition to two-stage gridded reÑectors, single-
stage reÑectors44 and non-linear reÑectors45 have been
used for this kind of analysis as alternative approaches.
The non-linear “curved-ÐeldÏ reÑector allows one to
acquire PSD spectra in one step without the need for
concatenating several spectra but, so far, has not been
demonstrated to provide for highest PSD spectral
quality with respect to sensitivity, mass resolving power,
etc.

Mass calibration of PSD spectra

Mass calibration in PSD analysis is a topic of great
importance. In classical time-of-Ñight analysis of stable
ions, mass calibration is fairly easy. Regardless of the
number and nature of static acceleration or deceleration
Ðelds within the instrument, the massÈtime relationship
always follows the equation

t \ a ] bm1@2 (1)

Any time-of-Ñight spectrum of stable ions can therefore
be calibrated by a two-point or least-squares Ðt cali-
bration using at least two known ion signal masses from
calibration substances. Delayed extraction time-of-Ñight
mass spectrometry exhibits some deviation from the
strict square-root function which is of practical rele-
vance in linear instruments.46,47

In PSD analysis, the situation is much more compli-
cated for two-stage gridded reÑectors and for gridless
reÑectors. There is no analytical function

mPSD\ f (t) (2)

that could be used for an exact multi-point calibration.
Only a rather complicated function

tPSD\ f (mPSD) (3)

can be derived, but to use it requires a precise know-
ledge of all instrumental parameters such as all acceler-
ation and deceleration Ðeld strengths and all Ñight
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Figure 10. Proposed structures of a-, b- and y-type ions.

paths. Since usually at least 10È20 parameters are
involved, it is much easier to use a di†erent approach
which is sufficiently precise for analytical application.
This approach uses a polynomial Ðt with only four
parameters :

mPSD\ a ] btPSD] ctPSD2] dtPSD3 (4)

Any Ñight time curve of any PSD instrument (regardless
of the type of reÑector used) can be Ðtted with high
accuracy using the third-order polynomial.

To use this method, at least four signals spread over
the PSD mass window have to be known in mass and
are used for a least-squares polynomial Ðt.

Precursor ion selection

An important feature of MALDI-PSD instruments is
their MS/MS capability, allowing one to preselect a
certain precursor ion in a mixture of multiple com-
ponents, e.g. in a tryptic digestion of a protein. Precur-
sor selection is done by electrostatic “beam blankingÏ or

Figure 11. Structure and nomenclature49,50 of internal ions con-
taining the amino acids P and Q formed from the peptide sub-
stance P (RPKPQQFFGLM- The nomenclature on the leftNH

2
).

(PQ, PQ ÉCO, describes the partial sequence of aminoPQ ½NH
3
)

acids contained in the internal ion. The nomenclature on the right
(e.g. describes the internal ion as a product of two(B

5
Y

8
)
2
½1)

regular cleavages, e.g. a ion which is N-terminated by theB
5

Y
8

ion structure, which contains two amino acids and which is 1
mass unit higher than the sum of the amino acid masses.

“ion gating.Ï All ions passing the beam blanking device
(Fig. 5) are deÑected o† the ion detector except a certain
mass window which is transmitted without deÑection.
DeÑection is performed by a fast high-voltage drop
applied to the device which is typically built of small
plates, wires or strips. Positioning of the ion gate within
the Ñight path is always a compromise between
position-dependent dispersion of precursor ions of dif-
ferent masses and high transmission for (low-energy)
PSD ions already formed at the position of the ion gate.
PSD ions are very sensitive to any remaining fringe
Ðelds so that the ion gate should be placed at a position
where the majority of PSD ions has not yet been
formed. The ion gate, on the other hand, has to be
located not too close to the source to allow for a suffi-
cient spatial separation of the mass-dependent ion
clouds.

Two prerequisites are essential for high-resolution
gating. First, the high-voltage switch used has to be fast
enough to cut the beam with sufficient resolution.
Second, the geometry and Ðeld design of the blanking
device must lead to a high enough spatial resolution to
a†ect only the ions of interest.

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY VOL. 32, 1019È1036 (1997)
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Figure 12. Scheme for a strategy to determine the complete sequence of unknown peptides. Interpretation of product ion spectra of the
native peptide sometimes leads to ambiguities. Hydrogen–deuterium exchange, in this example, is able to distinguish between GG and N as
the partial sequence, due to the different number of exchangaeble hydrogens of the two possibilities. N-Terminal acetylation allows the
detection of lysine (K) residues since these residues also become acetylated by this derivatization method. In parallel with all steps, database
searches can be performed in an attempt to find the sequence in a protein database.

High-voltage switches usually have a limitation in the
minimum opening time of the gate. A minimum
opening time of 80 ns, for example, limits the selectivity
M/*M to values in the range of 110 (FWHM). Figure 7
shows an example of an opening-time limited selectivity
for a polyethylene glycol (PEG) 6000. At mass 5811.8 u
the neighbouring signals of ^44 u are decreased in
intensity to less than 50% of their original intensity.
Newer developments of high-voltage switches will
provide for a much shorter minimum opening time and
thus a much higher selectivity for cutting both edges of
a precursor ion signal.

The actual selectivity of the ion gate itself can be
much better demonstrated when cutting the signal from
only one edge (Fig. 8). The full width at half-maximum
(FWHM) deÐnition, however, is not applicable for
describing the selectivity in this case since only one edge
is cut. The example in Fig. 8 shows the selection of a
peptide at mass 1270.6 u from a mixture with another

peptide at mass 1281.6 u. The measurements were per-
formed on an instrument with a Ðrst Ðeld-free drift
length of 1320 mm, a second drift length of 970L 1 L 2mm and a distance of the ion gate from the source of
150 mm. As can be seen, the signal at mass 1281.6 u is
reduced to much less than 10% of its original intensity
whereas the peptide signal at 1270.6 u is not a†ected in
intensity, mass resolution or Ñight time. It can even be
seen that the Ðfth isotope at mass 1274.6 u is still unaf-
fected by the gating pulse. This means that a mass dif-
ference of only 7 u is sufficient to switch the ion beam
from 100% to almost zero. The best “full width at half-
maximumÏ value M/*M that can be expected assuming
symmetric selection of the ion gate is 580/2. A more rea-
listic description is to use the “rise massÏ (analogous to
the rise time deÐnition in electronic engineering) for a
drop from 90% down to 10%. For the example shown
here, a rise mass of 2.5 u is found, corresponding to a
selectivity M/*M of 512. From the practical point of
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Figure 13. MALDI mass spectrum of a contest sample containing 10 different peptides. Upper spectrum: ion gate off. Middle spectrum:
ion gate on and set to transmit the peptide at 1375.8 u. Lower spectrum: ion gate on and set to transmit the peptide at 1438.7 u. Spectra
acquired on ALADIM I, Institute of Laser Medicine, Du� sseldorf.

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY VOL. 32, 1019È1036 (1997)
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Figure 14. MALDI-PSD mass spectrum of peptide at ÍM½HË½ ¼1375.8 u acquired on ALADIM I, Institute of Laser Medicine, Du� sseldorf.

view this means that PSD analysis can be performed on
mixtures of peptides that di†er in mass by only a very
few mass units.

APPLICATIONS AND INTERPRETATION OF
SPECTRA

The majority of applications employing MALDI-PSD/

Figure 15. First step of sequence analysis of precursor peptide
ion at 1375.8 u. N-Terminal end on top. Indicated are observed
b-type (left) and y-type (right) ions only.

MS have concentrated on peptide characterization and
peptide sequencing so far, rather than on the analysis of
other biomolecules, mainly driven by the analytical
demand rather than by methodological limitations. For
peptides the sensitivity of the method is in the range
30È100 fmol prepared sample. Using delayed ion extrac-

Figure 16. Second step of sequence analysis of precursor peptide
ion at 1375.8 u. N-Terminal end on top. Indicated are observed
b-type (left) and y-type (right) ions only.

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY, VOL. 32, 1019È1036 (1997)
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Figure 17. Final sequence determined for precursor peptide ion
at 1375.8 u. N-Terminal, end on top. Indicated are observed
b-type (left) and y-type (right) ions only. ‘K’ in the scheme is
either K (lysine) or Q (glutamine), ‘L’ is either L (leucine) or I
(isoleucine).

tion, the mass resolving power for precursor ions is in
the range 6000È10 000, whereas for PSD ions it is in the
range 1500È2000. The accuracy of mass determination
strongly depends on the calibration method used (i.e.
internal or external) and can be as high as ^10 ppm.

The high senstivity of MALDI-PSD is produced by
the long time available for ion decay between leaving
the ion source and entering the ion reÑector. This time
can be in the range 50È100 ls. Owing to the long time
frame, the resulting fragment ion pattern is more ther-
modynamically controlled rather than kinetically con-
trolled. Faster decay reactions are detected with a
probability similar to slower decay reactions. Another
important and characteristic side-e†ect of this behavior
is that not only single-step but also multiple-step frag-
mentations are observed. Internal ions, which contain
neither end of the molecule chain, are the result of at
least two cleavage reactions. The prerequisite for multi-
ple fragmentation reactions to be detected in PSD
spectra is not so much the reaction rate constants but
more the internal energy required for the reactions to
take place. An example of up to four consecutive cleav-
age reactions observed as internal ion signals in a PSD
spectrum was demonstrated for a branched triantennary
oligosaccharide48 that showed internal ions of the inner
core with abundances comparable to those of the ter-
minal fragment ions.

For peptides, the formation of internal ions is also
pronounced. Figure 9 describes the nomenclature for C-
and N-terminal ions of peptides. Not all of these ion
types are actually observed with high abundances. The

most common PSD fragment ion types are a, b, y, z and
d ions. All of these ion types can be accompanied
by satellites due to loss of ammonia ([17 u) or water
([18 u). The proposed structures of a-, b- and y-type
ions are shown in Fig. 10.

The formation of internal ions exhibits a character-
istic sequence speciÐcity. Most pronounced are internal
ions extending in the C-terminal direction from a
proline. This “proline-directed internal fragmentationÏ
contains valuable analytical information for the conÐr-
mation of a proposed amino acid sequence, since pep-
tides containing proline never fail to form a series of
proline-directed internal fragments. The structure and
nomenclature of internal fragments are summarized in
Fig. 11. Only those three types of internal fragment ions
have been observed, accompanied again by satellites
due to loss of ammonia or water.

Immonium ions of the amino acids present in the
peptide are another analytically important class of
internal ions. A considerable fraction of the amino acids
form these characteristic low-mass ions and can thus be
conÐrmed or rejected as being present in the unknown
peptide.

Strategies for sequencing unknown peptides

Owing to the complexity of possible fragmentation pat-
terns and to ambiguities in mass signal interpretation,
peptide sequencing of completely unknown peptides is
not always a straightforward task. Additional tech-
niques that provide more structural information are
sometimes required to determine a peptide sequence
unequivocally. The scheme in Fig. 12 describes a strat-
egy for unknown peptides using additional tools such as
hydrogenÈdeuterium exchange and N-terminal acety-
lation.

A number of possible derivatization methods are
known that help to solve special problems of sequence
ambiguities, including N-terminal charge
derivatization51h53 and arginine blocking.52 HydrogenÈ
deuterium exchange, however, has been found to be the
most general and easiest approach for obtaining addi-
tional structural information in mass spectrometric
peptide sequencing.54 Information on the total number
of exchangeable hydrogens of both the precursor ion
and the characteristic product ions decreases the
number of possible interpretations by orders of magni-
tude in general. The method can be performed with
femtomolar amounts of sample on target within a few
minutes.

Sequencing of an unknown peptide

As an example an sequencing an unknown peptide, a
sample has been chosen from the instrumental contest
performed at the annual conference “Mikromethoden in
der ProteinchemieÏ held at the Max-Planck-Institut fu� r
Biochemie, Martinsried, Germany, June 22È26, 1997.
The sample “2Ï given to all participants in the contest
contained a mixture of 10 peptides accompanied by
derivatives of these peptides. Two of these peptides at
mass 1375.8 u and 1357.7 u had to be analyzed in order
to determine their amino acid sequence. Figure 13
shows the MALDI mass spectrum of the mixture
without and with ion gating of the two species.
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Figure 18. MALDI-PSD mass spectrum of the peptide at ÍM½HË½ ¼1375.8 u acquired on ALADIM I, Institute of Laser Medicine, Du� ssel-
dorf. Labeled are the ion signals interpreted as N-terminal and C-terminal ions. The bar above the labels describes the amino acid sequence
determined. Dots in the top part of the figure correspond to neighborhood analysis of peaks (presence of a-type neighbors to b-type ions,
satellites, etc.).

PSD analysis of the peptide at mass 1375.8 u is
described in the following. The PSD spectrum is shown
in Fig. 14. The low-mass end of the spectrum indicates
the presence of the amino acids P (70 u), K/Q (84, 101,
112, 129 u), I/L (86 u), [D (88 u)], H (110 u) and F (120
u) and the absence of W (159 u). The absence or pres-
ence of the other amino acids cannot be decided from
the data. Correspondences between N- and C-terminal
ions according to the relationship

mb ] my\ mprecursor ] 1

and being the masses of the b- and(mb , my mprecursory-type fragment and precursor ions, respectively) were
found for the mass signal pairs 310/1066, 367/1009, 457/
919, 480/896, 528/848, 581/795, 625/751 and 680/696 u.
It can be assumed that one of each pair is a b-type ion
and the other is a y-type ion. Neighboring signals
resulting from a-type ions or a- or b-type satellites indi-
cating “bÏ as the correct fragment ion type were found
for 457, 528, 696, 795, 1009, 1172 and 1357 u. With that
information, three positions within the peptide chain
could already be interpreted. Figure 15 describes the
sequence information that is already conÐrmed by the
data.

The gap between 528 and 696 u can only be occupied
by the doublet PA (or AP) or GU (or UG). Assuming
that the corresponding b-type ion is contained in the list

of remaining ion pairs, only PA appears to be a prob-
able partial sequence.

In analogy, the gap between 795 and 1009 u can be
occupied by the doublets UC, DV or LT. Only TL is
veriÐed by the appearance of a b/y ion pair.

The remaining ion pair 310/1066 u Ðnally only Ðts
the N-terminal end of the conÐrmed partial sequence,
corresponding to a phenylalanine. The sequence pro-
posed so far is shown in Fig. 16.

The C-terminal gap between 1172.6 and 1357 u can
be Ðlled by the doublets NA or (K/Q)G. Only the
partial sequence G(K/Q) is supported by a PSD ion
signal at 1229.6 u.

Taking into account the information on present or
absent amino acids from immonium ions, the remaining
partial sequence at the N-terminus can only be Ðlled by
the partial sequence GDH (or permutations of it). Since
the immonium ion signal from aspartic acid (D) is not a
very reliable constraint, the partial sequence ATH (or
permutations) has to be taken into account as another
possibility. Since cleavages of ions extending in the C-
terminal direction from an aspartic acid (D) are known
to be fairly prominent, one can expect to see this cleav-
age as an intense signal in the PSD spectrum. The only
partial sequence matching the observed PSD ion signals
is GDH, supported by the ion signal at 1203.7 u. The
other possible sequences DGH, ATH or TAH are less
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Figure 19. Lower mass part of the MALDI-PSD mass spectrum of peptide at ÍM½HË½ ¼1375.8 u. Labeled are the ion signals interpreted
as internal ions. The bar above the labels describes the amino acid sequence determined. Dots in the top part of the figure correspond to
neighborhood analysis of peaks (presence of a-type neighbors to b-type ions, satellites, etc.).

likely because of the aspartic acid constraint as men-
tioned. The Ðnal (and correct) sequence proposed from
the native PSD spectrum is shown in Fig. 17.

ConÐrmation of the proposition is made by compari-
son of the expected fragmentation pattern with the
actual spectrum. Unexplained prominent peaks in the
PSD spectrum are always a strong hint for certain mis-
interpretations. Figure 18 shows the observed spectrum
again, labeled with the expected C- and N-terminal
fragment ion descriptions.

The matching between expected and observed inter-
nal ions is another strong indication of the correctness
of a proposition. Figure 19 shows the lower mass part
of the spectrum, now labeled with the descriptions of
internal ions.

Finally, a conÐrmation by hydrogenÈdeuterium
exchange is suggested, since a few uncertainties in the
sequence proposition remained at the termini of the
peptide. The observed mass of the deuterated precursor
ion of 1396.9 u, and the observed mass signals of the
PSD ions, strongly support the sequence proposition in
Fig. 17.

The lysine residue proposed in Fig. 17 could also be a
glutamine and leucine could also be an isoleucine. As
mentioned earlier, lysine and glutamine can be di†eren-
tiated by an acetylation experiment.

After having reached a high degree of certainty for a
proposed amino acid sequence of an unknown peptide,
the most convincing conÐrmation is to synthesize the
peptide and compare the PSD spectra of the native

peptide and the synthetic peptide. Correct propositions
are usually characterized by a very high similarity of the
two spectra, both in signal intensities and signal pres-
ence, even if the homogeneity and purity of the two
samples and the instrumental or preparation conditions
are di†erent.

Database-assisted sequencing of peptides

The other peptide in the contest sample at 1438.8 u is
an example where the complete sequence of the peptide
can be found by a protein database search after deter-
mination of just a partial sequence and amino acid
information by PSD spectral interpretation. In addition
to database searching of uninterpreted data,8,55 this
“sequence tag approachÏ56 has been found to be a very
powerful method for peptides derived from database-
listed proteins. Figure 20 shows the PSD spectrum of
the gated signal of the 1438.8 u precursor. C- and N-
terminal ion correspondences have been found for the
pairs 227.1/1212.9, 355.2/1084.8, 390.1/1049.9, 452.1/
987.9, 503.5/936.8, 565.0/874.0, 631.1/808.7 and 693.3/
747.3 u.

The ion signal at 1049.9 u could be interpreted as a
b-ion from the observation of a corresponding a-ion
and [a[ 17] satellite ion. Starting with this signal, the
next b ion in the N-terminal direction can only be 936.8
u from the list of corresponding ion pairs, according to
a leucine or isoleucine. The next b ion can be assumed
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Figure 20. MALDI-PSD mass spectrum of the peptide ÍM½HË½ ¼1438.8 u acquired on ALADIM I, Institute of Laser Medicine, Du� ssel-
dorf. The bar above the labels describes a partial amino acid sequence determined for performing a protein database search. Dots in the top
part of the figure correspond to neighborhood analysis of peaks (presence of a-type neighbors to b-type ions, satellites, etc.).

to be at mass 808.7 u, corresponding to a lysine or glu-
tamine or to an alanineÈglycine doublet. Aspartic acid
and another K/Q or AG follows. This sequence infor-
mation should be sufficient to form a reasonable
sequence tag of the form (565.0)KDKL(1049.9). In the
search, K should be permuted with Q, AG and GA.
Only two sequence propositions result from a database
search using this tag, LIQPIQDKIKNE derived from
phosphoenolpyruvate protein phosphotransferase
PT1–STAAU and NEFSSQDQLNQE from a gene
product “C06A6.5Ï. By comparison of the expected frag-
mentation patterns of the two propositions with the
observed spectrum, it is immediately conÐrmed that
LIQPIQDKIKNE is the correct sequence. Figure 21
lists the pattern of expected and observed fragment ion
masses of the peptide.

Primary structure analysis of other biomolecules

Primary structure analysis of peptides is obviously the
main target so far for mass spectrometric sequencing
techniques. PSD analysis of other biomolecules such as
oligonucleotides,7 oligosaccharides,48,57h59 branched
peptides,12,60 conjugates,6 etc., however, is possible with
the same level of quality, information content and reli-

ability, but interpretation strategies for these com-
pounds still have to be developed individually.

CONCLUSION

Post-source decay analysis of ions formed by MALDI
has become a valuable MS/MS technique for the struc-
ture analysis of biomolecules. Owing to the well estab-
lished features of MALDI for handling small quantities
of complex or minimally puriÐed samples, PSD analysis
in many cases has some advantages over other MS/MS
techniques such as electrospray/triple quadrupole mass
spectrometry. Owing to the solid-phase nature of the
MALDI technique, on-line coupling to separation tech-
niques and large-scale automation of PSD analysis,
however, is much more complicated than in the case of
electrospray ionization. MALDI-PSD therefore has to
be considered so far as a valuable complementary
method rather than a substitute for other ionization
techniques.

One of the most challenging applications of mass
spectrometry is in the analysis of MHC restricted
peptide pools presented on the surface of vertebrate
cells, owing to the extreme heterogeneity of samples
even after affinity chromatography and reversed-phase
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Figure 21. Fragmentation scheme of the peptide LIQPIQDKIKNE (ÍM½HË½ ¼1438.8 u). Masses of ion signals observed in the spectrum
are marked.

high-performance liquid chromatographic fractionation,
and owing to the small quantities of material available,
which is typically in the region of 100 fmol per peptide.
In addition to electrospray ionization,61 MALDI-PSD
has now been shown to provide a promising strategy
for the detection and characterization of immunologi-
cally relevant peptides.62

The routine applicability of MALDI-PSD is now
mainly a question of automation and software-assisted
spectra interpretation. There is no doubt that within a
short period MALDI-PSD will be established as a fully

developed routine technique for the automated large-
scale sequencing of peptides and other biomolecules.
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