
Abstract A new matrix-assisted laser-desorption/ioniza-
tion time-of-flight/time-of-flight mass spectrometer with
the novel “LIFT” technique (MALDI LIFT-TOF/TOF MS)
is described. This instrument provides high sensitivity (at-
tomole range) for peptide mass fingerprints (PMF). It is
also possible to analyze fragment ions generated by any
one of three different modes of dissociation: laser-induced
dissociation (LID) and high-energy collision-induced dis-
sociation (CID) as real MS/MS techniques and in-source
decay in the reflector mode of the mass analyzer (reISD)
as a pseudo-MS/MS technique. Fully automated operation
including spot picking from 2D gels, in-gel digestion, sam-
ple preparation on MALDI plates with hydrophilic/hy-
drophobic spot profiles and spectrum acquisition/process-
ing lead to an identification rate of 66% after the PMF
was obtained. The workflow control software subsequently
triggered automated acquisition of multiple MS/MS spec-
tra. This information, combined with the PMF increased
the identification rate to 77%, thus providing data that al-
lowed protein modifications and sequence errors in the
protein sequence database to be detected. The quality of
the MS/MS data allowed for automated de novo sequenc-
ing and protein identification based on homology search-
ing.

Keywords TOF/TOF · MS/MS · Tryptophan oxidation ·
de novo Sequencing · Automation · MALDI

Introduction

The new era of post-genomics calls for techniques that
further the understanding of gene function by extracting
genomic information and even revealing information that

is not directly coded in the DNA. The main routes to ana-
lyze whole living systems typically rely on the detection
of changes in mRNA and in protein expression levels [1].
Some of the most striking conclusions made recently indi-
cate the number of expressed proteins (>100,000) by far
exceeds the number of genes (ca. 30,000) [2, 3]. Even the
expression levels of proteins only poorly correlate with
the transcription of the respective mRNA [4]. To further
complicate matters, 2D gels reveal that many proteins are
present in the cell in different forms, i.e. they can be iden-
tified from more than 20 spots in a gel. This protein di-
versity results from the presence of protein variants in-
cluding splice-variants and proteolytic processing such as
protein degradation plus heterogeneous post-translational
modifications, such as phosphorylation and glycosylation.
It has become evident that understanding function in living
systems requires the analysis of protein expression levels,
their distribution in tissues and cellular compartments,
their structural details and molecular interactions that
eventually turn the genetic information into function. These
requirements indicate the need for fast methods to charac-
terize low levels of a wide dynamic range of proteins in
detail, since the proteins with the highest relevance in un-
derstanding biological processes are often expressed at
lowest levels.

The most widely adopted strategy for characterizing
expression levels and identifying the corresponding pro-
teins uses two-dimensional gel electrophoresis (2DGE) and
mass spectrometry (MS). The importance of mass spec-
trometry in this context was even recognized in the 2002
Nobel prize for chemistry [5]. The protein is most com-
monly digested in-gel by trypsin. Proteolytic peptides are
eluted and prepared on a MALDI sample plate, since ma-
trix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) provides a good high
throughput compatibility [1, 6] and a good sensitivity in
the low femtomole range and even below [7].

The peptide mass fingerprint (PMF) is used to screen a
protein sequence database. A match between the PMF and
the patterns computed from the sequence database, em-
ploying rules for digest chemistry, are scored and used for
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protein identification. The success of such an identifica-
tion depends on:

1. the size of the database and the error rate within,
2. the number of the matching peptides and their molecu-

lar weight (MW),
3. the mass accuracy, and
4. the control over the digest chemistry.

Given a database, the success rate of protein identification
increases with the number and MW of the peptides and
decreases with increasing mass tolerance and chemical
heterogeneity. The types of chemical problem typically
rendering identification more difficult include incomplete
proteolytic degradation and unspecific cleavages, prepara-
tion artifacts such as methionine oxidation, deamidation,
and cystein acrylamidation. The digestion chemistry and
MALDI preparation, and instrument sensitivity and mass
accuracy are therefore crucial for high levels of success in
PMF-based protein identification.

In certain cases PMFs provide insufficient information
for protein identification. MS/MS fragment ion analysis of
selected peptides can be used for improved protein identi-
fication. Problems affecting protein identification from
PMFs include:

1. Low number of proteolytic peptides in the standard
mass range of ca. 800–3500 Da due to low protein MW
(ca. <15 kDa), unfortunate cleavage site distribution or
peptide suppression. Low amounts of protein or high
levels of contaminant (detergents, etc.) also produce
weak PMF spectra, which will lead to low identifica-
tion efficiency.

2. Expressed sequence tag (EST) or even genomic data-
bases have error rates of 0.3% and higher [8, 9], i.e. up
to 1 in 30 amino acids in the translated protein se-
quence are wrong or sequence errors that will cause
frame shifts. Matching a peptide that spans the splice
site between two exons in genomic data is not possible
either. Such effects frequently prevent sufficient num-
bers of peptides in PMFs from being matched [10].
The “normal” error levels in the common sequence
databases such as NCBI (http://www.ncbi.nlm.nih.gov)
can also cause incorrect PMF identifications.

3. All protein identifications based on mass spectra that
could represent a set of proteolytic peptides from sev-
eral proteins cannot be based solely on PMFs. Such ex-
periments include one-dimensional chromatography or
multidimensional chromatography of complex protein
mixtures such as proteolytic digests of full proteomes.
Due to the extreme complexity of such samples, which
is almost incompatible with simultaneous protein quan-
titation and identification, methods are currently being
developed to simplify the nature of the experiments
[11]. Isotope-coded affinity tags [12, 13] and diagonal
chromatography [14] are the most prominent examples
of such approaches. Here, electrospray ionization mass
spectrometry (ESI MS) is typically employed on either
hybrid quadrupole TOF (Q-TOF) or ion-trap mass spec-
trometers in conjunction with LC separation. The use
of MALDI offers a significant advantage over LC–ESI

MS/MS in that the chromatogram can be “recorded”
onto the MALDI target. The MS/MS analysis is there-
fore decoupled from the temporal constraints of chro-
matographic separation and various regimes of data
analysis-dependent acquisition control become possi-
ble [11].

The first mass spectrometric step in an MS/MS experi-
ment is to select a precursor ion and to fragment it into pieces.
The second step is to mass analyze the resulting frag-
ments. Fragment ions formed from cleavage of the pep-
tide backbone are most beneficial for protein identifica-
tion, since they allow for specific identification and fast
computer searches of the protein sequence databases [1, 6,
13].

Unfortunately all MALDI-MS/MS methods that gener-
ate fragment ions independently of the desorption/ioniza-
tion process, such as Q-TOFs, suffer lower fragmentation
efficiency compared to ESI. Typically, in MALDI singly
protonated ions are observed whereas in ESI doubly pro-
tonated ions are observed. The formation of sequence-
specific fragments is significantly more pronounced for
doubly charged ions compared to singly charged ions, re-
gardless of the ionization technique employed [15]. One
MALDI-MS/MS technique, however, that has been widely
used for several years is post source decay (PSD) intro-
duced by Kaufmann et al. [16, 17]. PSD utilizes the high
efficacy of “hot” MALDI matrices, in particular of α-cy-
ano-4-hydroxycinnamic acid, to enhance metastable frag-
mentation of MALDI generated ions. PSD has been rou-
tinely applied to protein identification [18] with unsur-
passed sensitivity even down to the mid-attomole range
[6] and to the characterization of protein modifications
such as phosphorylation [19, 20, 21, 22]. The unimolecu-
lar decay of metastable peptide ions (LID) primarily re-
sults in single or double backbone cleavages. Successful
PSD on low femtomole to attomole levels of sample was
predominantly observed on instruments that used a grid-
less ion reflector and also allowed ions to be space-fo-
cused on to small detectors that provided low noise levels.
On such instruments the sequence coverage of the N-ter-
minal b- and the C-terminal y-ions [23, 24] significantly
exceeds the peptide sequence coverage provided by frag-
mentation of doubly protonated ions in ESI-MS/MS [25].

Certain disadvantages to PSD prevented wider accep-
tance of this technique.

1. One-stage and two-stage reflector instrument designs
require the spectrum to be recorded in 10–20 steps, each
step measured at a lower reflector voltage than the last.
This classical method of acquiring PSD data requires
10–60 min per spectrum.

2. Curved-field reflector instrument designs have a rela-
tively short field free region which means limited time
is available for fragmentation, hence the fragmentation
is less efficient [26].

In both instrument designs, the kinetic energy of the frag-
ment ions decreases towards lower mass fragment ions
thus reducing the efficiency of ion detection using multi-
channel plate detectors. In addition, fragmentation occur-



ring in the reflector can give rise to unresolved peaks in
the spectrum. This is very disadvantageous, especially for
the curved-field reflector as the ions spend most of their
flight time inside the reflector, hence increasing the likeli-
hood of unresolved peaks in the spectrum.

Most MS/MS protein identifications are based on nano-
electrospray–MS/MS [1, 22] due to the lack of a MALDI-
MS/MS technique that is fast and sensitive. The availabil-
ity of such fast and sensitive MALDI-MS/MS is of high
importance in the field of proteomics, since it is currently
the only possible way to achieve high throughput protein
identification. This technique can also analyze the same
sample “stored” on a target for two types of analyses with-
out the need for further sample preparation.

The first approach to overcome the described disadvan-
tages of PSD mainly relied on high-energy collisions to
fragment peptides in a TOF/TOF mass spectrometer [27,
28]. This technique can produce fragment ion spectra sim-
ilar to the type produced by four-sector instruments [29] that
show the backbone ions a-, b-, y- and i-, internal ions and
the side chain d- and w-ions [30]. In general, MALDI-TOF/
TOF instruments are characterized by a co-linear arrange-
ment of two TOF mass analyzers, each equipped with an
ion source that allows acceleration and focusing of the ions.
In TOF1 the analyte ions are accelerated, precursor ions
are selected and fragmented. Fragment ions are allowed to
proceed to the “source” of TOF2, where they are acceler-
ated and mass analyzed (Fig. 1).

The desire to overcome the disadvantages of PSD and
to utilize LID to its fullest potential triggered the develop-
ment of LIFT-TOF/TOF. While the basic idea of TOF/
TOF, i.e. acceleration of a selected precursor ion together
with its fragments is very simple, major refinement of the
ion optics was required to successfully gain high mass
resolution and sensitivity in MS/MS mode.

The new instrument provides a very high performance
MS mode such that resolution, mass accuracy, and sensi-
tivity combine to achieve a high success rate for identifi-
cation and specificity for PMFs. Two MS/MS modes are
available: LID and CID. LID is typically used for protein
identification and high energy CID for de novo sequenc-
ing, in particular for resolving the Leu/Ile ambiguity. As

an additional “pseudo-MS/MS” method for protein sequence
analysis ISD [31, 32, 33], in particular reflector in source
decay (reISD) can be used due to the gridless ion optics of
the instrument. ReISD of intact proteins as large as 60 kDa
produces fragment ion spectra whose peaks are monoiso-
topically resolved, allowing N-terminal sequences and struc-
tures to be characterized [34, 35]. Although not related to
the TOF/TOF concept, reISD is a versatile extension of
the functionality of the instrument allowing the detailed
characterization of recombinant or isolated proteins prior
to their use as bait proteins in interaction proteomics ex-
periments [1].

Principle of the new MALDI LIFT-TOF/TOF 
mass spectrometer

The LIFT TOF/TOF mass spectrometer (Ultraflex TOF/
TOF, Bruker) consists of a gridless MALDI ion source
with delayed extraction (DE) electronics [36, 37, 38, 39,
40], a high-resolution timed ion selector (TIS), a “lift” de-
vice for raising the potential energy of the ions, a further
velocity focusing stage with subsequent post-acceleration
(source 2), a post lift metastable suppressor (PLMS), a
gridless space-angle and energy focusing reflector, and fast
ion detectors for the linear and reflector mode (Fig. 1).

The MALDI ion source accepts target plates of the
same size and shape as microtitre plates. AnchorChip plates,
equipped with 384 or 1536 hydrophilic anchors on an oth-
erwise hydrophobic surface [41] were used as they en-
hance the sensitivity for peptide samples at least by a fac-
tor of ten [7, 42]. The instrument is equipped with an au-
tomated delivery robot for 20 sample plates (Twister, Zy-
mark), which are stored under cover at ambient air pres-
sure to prevent sample degradation by matrix evaporation
in vacuum. Either a bar code or a code from an integrated
target transponder can be read by the mass spectrometer.
The code is used to specify for sample-specific analytical
tasks. The targets are automatically introduced into the
vacuum system through a vacuum lock. Image recogni-
tion methods are applied to find the exact locations of the
sample spots. The time to move across the target from
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Fig. 1 Schematic diagram of
the LIFT-TOF/TOF mass spec-
trometer. TOF1 ranges from
the MALDI ion source to the
LIFT cell, TOF2 from the sec-
ond accelerator stage in the
LIFT cell to the reflector

massspec
Highlight



spot to spot amounts to about 0.3 seconds. These aspects
combine to allow automated MS and MS/MS analysis in
conjunction with robotic sample handling and transfer
into the instrument without manual interference.

MS mode for PMF acquisition

In the MS mode, the instrument operates up to 25 kV as a
MALDI-TOF spectrometer of highest quality with all
modes of operation: linear, reflector, positive and negative
acceleration potential.

In linear mode a gated MCP (micro channel plate) detec-
tor is used to detect proteins. Detector gating prevents detec-
tor saturation from low-mass ions and neutrals. The detector
is placed on the ion optical axis to utilize metastable frag-
ments and neutrals contributing to the protein signal. This
increases the sensitivity especially for high-mass proteins.

In reflector mode a fast dual MCP detector is used with
micro channels having a bore diameter of only 5 µm and a
bias angle of 12°, allowing sub nanosecond pulse widths
from single ions. It is optimized for symmetrical peak shapes
and minimal ringing, which results in almost Gaussian
shaped peaks that are perfect for determining the exact
mass of isotopic peaks in the spectrum by software algo-
rithms such as SNAP [43].

The instrument is prepared for a full mass-range high-
resolution mode (broadband focusing) by modulation of
the delayed extraction pulse shape [44, 45]. As shown in
Fig. 2, highest mass resolution is achieved over the mass
range from 500 Da to 4000 Da. In the lower mass range,
the resolution is limited by the detection system which
adds a constant signal width to the ion signal. This broad-
band focusing mode eliminates the need to adjust the ac-
quisition parameters as a function of analyte mass. How-
ever, all work presented in this paper was performed with-
out using this novel focusing mode, except for Fig. 2.

LID-MS/MS mode for protein identification

Acquisition conditions must be modified to generate high
fragment ion yields. This is done by increasing laser flu-
ence to provide a larger number of precursor ions per shot.
The low initial accelerating voltage of 8 kV provides long
flight time (10–20 µs) during which fragmentation occurs.
The selected precursor and fragment ions are post-accel-
erated by an additional 19 kV and mass analyzed in one
spectrum.

All precursor ions have a velocity corresponding to
E=1/2mv2 after acceleration to 8 kV. Fragments that are
formed after acceleration maintain the velocity of the cor-
responding precursor. An “ion family” consisting of a pre-
cursor ion and its fragments will reach the timed ion se-
lector (TIS) together. Different ion “families” from differ-
ent precursor ions will reach the TIS at appropriate times.
The TIS is capable of deflecting all ion families except the
one under investigation by switching the gate voltage off
while the selected ions pass through. A small fringe field
results from this design that allows for high resolution
when selecting ion families [46]. The TIS switches from a
positive deflection voltage to ground and after delay of
only a few nanoseconds to the opposite polarity. This
compensates for the small effects of the fringe field that
would otherwise reduce the resolving power of the device
[47]. At threshold laser power, a TIS resolution, R=m/∆m
(FWHM), in excess of R=1000 is achieved and single iso-
topes can be selected (Fig. 3). In practical terms R=1000
means that ions at a distance of ±0.5 Da (∆m=1) from
m=1000 have peak intensity reduction of up to 50%. Tak-
ing the Gaussian shape of the suppression characteristics,
at ±1 Da the intensity would be down to 6.3% for R=1000,
as shown in Fig. 3. However, at an increased laser power
setting typical for MS/MS the mass resolution obtained
from the first TOF region decreases from 1500 (at thresh-
old) to 200–400. As a result the isotopic resolution cannot
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Fig. 2 The full-range focusing
method achieves highest mass
resolution in an extremely
wide range of masses (here
from m/z 23 to m/z 3512) with-
out any acquisition parameter
adjustment



be maintained in the typical peptide m/z range and the se-
lection of the whole isotopic cluster becomes mandatory
(data not shown). In fact, the resolution resembles that of
a short linear TOF instrument, where isotopic resolution is
obtained at laser threshold but is lost at conditions of
higher laser fluence. Consequently, the electronics of the
commercial instrument are adapted to select the whole
isotopic cluster of a precursor ion, rather than single iso-
topes. The isotopic information can help interpret the
MS/MS spectrum and assign fragment masses confidently.
The selected “ion family” leaves the TIS and enters the
“LIFT” device. Since ions that have an identical mass but
a small velocity distribution start to drift away from each
other, velocity-focusing is required.

The potential lift is the heart of the LIFT technology. It
consists of three stages between four grids: the first stage
is the actual potential lift, the second stage is a focusing
cell to modulate the speed of the ions, and the third stage
is a post-acceleration cell. Stage 1: As soon as the ions
have completely entered the lift cell, the potential on the
two adjacent grids forming the cell is rapidly increased
from ground to 19 kV. Stage 2: The ions continue to travel
at the same speed and enter the focusing cell that is also

held at 19 kV. The potential on the third grid is now re-
duced by 2–3 kV and the ions are accelerated towards the
third cell. Stage 3: In the third cell the ions are accelerated
to full speed (similar to the delayed extraction process in
a regular MALDI ion source) and time-focused onto the
detector.

Precursor ions that leave the post-acceleration region
are fully accelerated to a kinetic energy of 27 keV: 8 keV
comes from the ion source, and 19 keV from the lift.
While the precursor ions gain 8 keV in the ion source, the
fragment ions have only a fraction of the energy, propor-
tional to their mass; e.g., a fragment ion with m/z 100 de-
rived from a precursor of m/z 1000 will have only 0.8 keV
kinetic energy. As the potential lift adds 19 keV to this
particular fragment, it will have a total energy of 19.8 keV.
The kinetic energies of the fragment ions may range from
19 to 27 keV, a range that is most suitable for detection af-
ter passing the reflector (Fig. 4b). The gridless two-stage
reflector also space-focuses the divergent ion beam onto
the small area of the detector (Fig. 4a), a capability that re-
flectors with grids cannot achieve. Furthermore, most of
the ions formed by metastable decay within the reflector
field do not reach the detector and the gridless reflector al-
lows a reduction in the number of times the ions pass a
grid. Both properties are essential for the high sensitivity
and high signal-to-noise ratio achieved by utilizing this
design.

The instrument contains an additional device to sup-
press precursor ions. This “post lift metastable suppres-
sor” (PLMS), situated between the LIFT device and re-
flector, deflects the remaining intact precursor ions and
prevents undesired fragment ion formation after post-ac-
celeration. The PLMS is an ion deflector much like the
TIS. It is set to ground potential while the fragments pass;
it is then raised to a high potential prior to the passage of
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Fig. 3 Resolution achievable by the timed ion selector (i.e. the
first TOF) at threshold laser radiation, showing (a) the isotope
peaks of angiotensin II, and (b–d) the individually selected iso-
topic peaks. In practice, however, solely the entire isotopic cluster
of a precursor ion is selected as shown in (a), even in the presence
of other precursor ions nearby

Fig. 4 Calculated ion trajectories of the spatial focussing proper-
ties of the gridless reflector (SIMION). (a) Focussing of a diver-
gent ion beam onto a small detector area with various beam origins
but constant ion energy; (b) spatial focussing of ions with various
energies (velocities) as they result from the LIFT process



the precursor ions. Due to the elimination of the precursor
ion, further fragmentation in the second TOF and the re-
flector is impossible; this results in low chemical back-
ground disrupting the LIFT spectra.

At present the laser operates with a repetition rate of 
50 Hertz. For typical MS spectra with good signal-to-noise
ratio and good dynamic range about 50–200 shots need to
be accumulated. In MS/MS mode typically 300–600 shots
need to be added, especially when analyzing low femto-
mole amounts of real-life samples. On the other hand, us-
ing picomole amounts it is possible to obtain a searchable
spectrum from a single shot. Resolution is typically high
enough to enable monoisotopic masses to be assigned to
fragment ions, when the precursor ion mass does not ex-
ceed 2000 Da (see below) and a fragment mass accuracy
of 0.2–0.4 Da is typical.

CID-MS/MS mode for Leu/Ile differentiation

In addition to the LID-MS/MS mode described above, a
high-energy CID mode is available. This is useful for
leucine/isoleucine differentiation and for the fragmentation
of natural compounds or polymers. The ion source housing
contains a collision region for high-energy collisions (Fig. 1).
A collision gas (typically argon) is introduced under com-
puter control, to increase the source pressure to 6×10–6 mbar.
Under such conditions, tryptic peptides tend to create addi-
tional high-energy w-type ions [30] via side-chain frag-
mentation. This allows the isobaric amino acid residues
leucine and isoleucine to be distinguished by their different
side-chain fragmentation reactions.

Reflector ISD mode for fragmenting intact proteins

The MS/MS methods LID and CID that utilize fragmenta-
tion processes that occur after the precursor ions leave the
ion source allow for the preselection of precursor ions. In
contrast, in-source decay is a very fast fragmentation pro-
cess that takes place during the MALDI process before
the ions are accelerated out of the DE ion source [31, 32].
This prevents the dissipation of the excitation energy across
the peptide that would result in the preferred cleavage of
the most labile bonds such as the bonds N-terminal to pro-
line or C-terminal of aspartic acid. The dissociation of a
backbone bond takes place close to the excitation site caus-
ing uniform fragmentation patterns that are well suited for
sequence determinations. In reflector mode (reISD), mono-
isotopic sequence ions can be observed, which are pre-
dominantly c-ions but to a lower extent also y- and a-ions
[35]. They are well suited for sequencing the N-terminal
region of intact proteins even larger than 60 kDa and al-
low its characterization even in the case of a blocked 
N-terminus [34]. Mass resolution of 5000–8000 and a mass
accuracy of 50 ppm is typically observed in reISD spectra.
Internal recalibration can be applied and mass errors of
better than 10 ppm can be achieved.

ISD does not accommodate precursor ion selection,
hence monodisperse analytes, e.g. chromatographically pu-
rified products are required. Typically, 5–10 pmol of pure
protein are used for these measurements that require an
extremely sensitive mass analyzer to obtain satisfactory
signal-to-noise spectra since the efficiency of producing
fragment ions by ISD is rather low compared to LID.

Material and methods

Gels

A colloidal Coomassie-stained Klose 2D gel [48] of a lysate of a hu-
man endothelial cell line was supplied by Martin Blüggel, Protagen,
Dortmund. Protein lysate of the cell line (5 µg µL–1, 50 µL) was de-
posited on the 2D Gel. One half of the gel was mounted on the A4
format scanner of the spot picker covering the pI range 5–10.

Sample preparation

Ninety-six protein spots with various intensity of stain were picked
with a robot (Proteineer SP, Bruker) and deposited into microtitre
plates dedicated to the Proteineer robotic platform. The microtitre
plates were transferred to the digest/preparation robot (Proteineer
DP, Bruker). A tryptic digestion (Trypsin, proteomics grade, Roche
Diagnostics) was performed over 4 h at 30 °C in 10 µL digest
buffer solution using a standard digestion kit for 96 samples (DP
96 Kit, Bruker) and the standard digest protocol on the robot. Doc-
umented methods were used for the thin layer sample preparation
on 600 µm AnchorChip targets (Bruker) [42].

MALDI acquisition and data analysis

The AnchorChip target was inserted into an Ultraflex TOF/TOF
instrument (Bruker) and submitted to an automated analysis loop
using external mass calibration. Following MS acquisition each
spectrum was submitted to a peptide mass fingerprint search using
both Mascot (Matrix Science) and Profound (Genomic Solutions)
search engines in the ProteinScape proteomics database system
(Bruker). After automated assessment of the search results only
those samples not unambiguously identified by PMF were auto-
matically submitted to LIFT TOF/TOF acquisition by the work-
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Fig. 5 2D gel with the picked spots in circles. Green: annotated by
PMF; blue: annotated by MS/MS; red: identification failed. Spots
discussed in this paper are labeled
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Fig. 6 PMF of spot 10 (a). 
Sequence coverage map of the
combined dataset consisting 
of that PMF and of 3 LIFT-
TOF/TOF spectra (b). The
fragment ion information con-
tributed by the MS/MS data is
shown as two rows of red
bricks in the gray peptide bars:
the upper row shows matching
b-ions; lower row, y-ions. 
(c) Detail of the spectrum that
highlights the oxidation pattern
in the Trp-containing peptide
309–322. Oxidation products
appear in peptide signals (m/z
1767.83: +4 Da, m/z 1779.81:
+16 Da, m/z 1795.80: +32 Da
and m/z 1811.81: +48 Da, cor-
responding to kynurenine and
the singly to triply oxidized
Trp-residue, respectively.
Matched ions in black, un-
matched red, and assigned
Trp-oxidized peptide in blue



flow control system (WARP, Bruker). A maximum of four precur-
sor ions per sample were chosen for MS/MS analysis. Protein data-
base searches, through Mascot, using combined PMF and MS/MS
datasets were performed via BioTools 2.2 with the RapiDeNovo
extension (Bruker). This software allowed in-depth analyses, for
example mutation screening, analysis of protein modifications, and
de novo sequencing. Homology searches that were based on the
most likely de novo sequences were done using MS BLAST (http://
dove.embl-heidelberg.de/Blast2/msblast.html) [49].

Recombinant E. coli thioredoxin was obtained from Sigma. Re-
flector ISD spectra were acquired as described [34, 35]. The pep-
tide TDFEAAINTR was provided by H.E. Meyer (Medical Pro-
teome Center University of Bochum, Germany).

Results and discussion

Automated analysis

Ninety-six spots were analyzed from a region of the 2D gel
that covered the MW range 30–100 kDa and the pI range

5–10. Sixty-three spots were identified by the PMF alone
and additional 11 on the basis of the automatically acquired
MS/MS spectra that were used for combined searching of
the PMF and up to four MS/MS spectra (Fig. 5). The success
rate of identification therefore accumulated to 66% after
PMF and 77% after TOF/TOF, which is the result of fully
automated sample processing, spectra acquisition, and
database searching. From such gels even 95% success rates
have been reported after the TOF/TOF step (90% after
TOF), but sophisticated multiple acquisition schemes were
employed in that case that involved acquiring PMFs prior
and after sample recrystallization on an AnchorChip target
[51]. Here, only a standard sample preparation was used,
which stresses the importance of sample preparation to get
the utmost out of the same samples.

Most notably, the majority of the spots selected for ad-
ditional MS/MS analyses were weakly stained spots pre-
sumably at lower abundance levels. Exceptions to the
general observation are spots 7 and 8, to be discussed later.
Therefore, the analytical sensitivity is of prime impor-
tance for increased success rate of the overall process uti-
lizing MS/MS, if not only the stronger spots were to be
MS/MS analyzed. In model studies we determined the mere
instrument sensitivity for protein identification by PMF
under conditions of full automation in the range of 200 at-
tomoles of digest [52] on the target and for LID-LIFT
spectra 1–10 femtomole [53]. However, the sensitivity for
the workflow, i.e. protein amount in a gel plug is around
50–100 fmol for phosphorylase b, including MS/MS analy-
sis [54].

Interactive analysis of unmatched MS/MS data

A few examples of interactive analyses are described now
that revealed some greater insight into structural details.
Spot 10 and the very intense spot 2, both allowed identifi-
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Fig. 7 De novo sequencing result from LIFT spectrum of m/z
1795.80 (spot 10) with consensus sequence tags (green); calculation
result (a) without assumption of protein modifications, (b) with the
optional modification Trp+2Ox, the correct sequence that contains
double oxidized tryptophan (W) is checked in the respective selec-
tion box. Numbers are sequence scores as provided by the software

Fig. 8 LIFT-TOF/TOF spec-
trum of m/z 1795.80 (spot 10)
and assignment of the identi-
fied sequence 309–322:
LISWYDNEFGYSNR, which
contains doubly oxidized tryp-
tophan (W)



cation of glyceraldehyde-3-phophate dehydrogenase (Fig. 5).
Since the identification from the weak spot 10 was unsafe
in the PMF, the workflow control software automatically
decided to acquire 4 MS/MS spectra. Three of these spec-
tra confirmed the assignment and the previous Mascot
score of 73 increased to 165, making it a unique and safe
assignment (Fig. 6). Only one of the auto-selected pep-
tides, m/z 1795.80, did not match.

Without further structural assumption, automated de novo
sequencing yielded the consensus sequence tag YDNEF-
GYSNR (Fig. 7a). An MS BLAST search with the 41 top

sequences gave a safe assignment to glyceraldehyde 3-phos-
phate dehydrogenase and a matching sequence of the pep-
tide 310–323 LISWYDNEFGYSNR that was 32 Da too
low compared to the molecular ion. That mass increase of
32 Da is typical for doubly oxidized peptides and investi-
gating the peptide sequence revealed a Trp residue that is
prone to protein oxidation, in particular of “double oxida-
tion” [50]. Repeating the de novo calculation with op-
tional double oxidation of Trp gave the correct sequence
in the answer list (Leu/Ile ambiguity unresolved, Fig. 7b) and
a good match between the LIFT spectrum of m/z 1795.80
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Fig. 9 (a) LIFT-TOF/TOF
spectrum of m/z 1341.68 (spot
8). The spectrum confirms a
sequence aberration compared
to the human database entry, 
R is found in the spectrum, K in
the database. (b) The suggested
presence of a Trp-residue (W)
was confirmed by the W-spe-
cific oxidation pattern as dis-
cussed in Fig. 6c



to peptide 310–323 with double oxidation of Trp (Fig. 8).
In addition, the pattern of adjacent peaks (1763.81, +4,
+16, +32 and +48) corresponds essentially to the pattern
recently described as typical for tryptophan oxidation [28].
The +32 Da ion at m/z 1795.80 corresponding to double

oxidation is the most intense oxidation product in the
spectrum. The +4 Da ion at m/z 1767.83 was also ob-
served by Bienvenut et al. [28] and was suggested to come
from kynurenine. Remaining other peaks do not agree be-
tween the two examples (e.g. m/z 1777.80) and are likely
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Fig. 10 LID- (a) and CID-
LIFT-TOF/TOF (b) spectra of
the synthetic peptide TDFEA-
AINTR. The sequence was de-
termined automatically using
the LID spectrum, except for
the Leu/Ile ambiguity. The 
w4-ion m/z 458.03 in the CID
spectrum allowed assignment
of Ile-7 as the only possibility
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not linked to tryptophan oxidation. A major difference be-
tween the result from Bienvenut and the presented data is
that the extent of oxidation is significantly higher for pro-
teins bound to a blotting membrane, indicating a much
stronger susceptibility to oxidation compared to the in-gel
digestion protocol employed here. In several cases of Trp-
containing peptides these patterns were reproduced and
typically the relative intensity of the double oxidized pep-
tide was in the range of 30–60% compared to the native
peptide (see also Fig. 9b).

This example demonstrates that the sensitivity and dy-
namic range of the LID-LIFT technology provides insight
in structural details even from rather weak spots and the
weaker peptides in the PMF at conditions of full automa-
tion. Also, the automatically obtained MS/MS spectrum
from m/z 1795.80 (Fig. 8) did not contain detectable levels
of the oxidation product ions at a distance of ±16 Da and
lower (ions presented on Fig. 6c) confirming a suitable
TIS selectivity and calibration on real-life samples under
conditions of automation. In this case, actually, a TIS res-
olution of 150 would have been sufficient to suppress the
satellite ions.

Spots 7, 8, and 9 were only unsafely assigned to elon-
gation factor α–1 based on the PMFs, although they are
quite intense. Therefore, two MS/MS spectra were acquired
from spot 8 during the automated run and m/z 1404.73
identified the protein safely (combined Mascot score 96).
However, m/z 1341.68 did not yield a match to the se-
quence database. Therefore, that spectrum was matched to
the EF α–1 sequence locally in the software, tolerating sin-
gle amino acid exchanges in the sequence. The best match
was identified by the BioTools software as peptide 52–62
GSFKYAWVL, revealing a K55R exchange (Fig. 9a).
Whether this exchange is due to a DNA sequencing error
or a polymorphism cannot be decided based on these re-
sults. However, the corresponding sequence of the New
Zealand caddis fly was found to display exactly that se-
quence variant in a search without species restriction indi-
cating a sequence error in the database. Interestingly with
respect to discussion of tryptophan oxidation, that peptide
also contains Trp and the same modification pattern of a
dominating +32 Da ion and minor +4, +16 and +48 ions
was found in the PMF (Fig. 9b).

As independent further confirmation of the presence of
R55, a RapiDeNovo analysis of this LIFT-TOF/TOF spec-
trum followed by a MS BLAST search of 255 calculated
sequence candidates directly provided 48 matches to EF
α–1 of various species. Although the N-terminal tripep-
tide sequence GAY... was incorrectly determined due to
the absence of meaningful fragment ions, the correct main
body of the sequence allowed homology searching with
highly significant protein identification and to suggest the
presence of the correct R55 residue in contrast to the data-
base entry.

This example shows how important software support is
in elucidating structural details and how helpful the knowl-
edge about typical features in PMF data can be to confirm
computer generated peptide structures. It also indicates
the significance of database errors and protein modifica-

tions – such as preparation artifacts – for the success of
PMF-based protein identification.

High-energy CID-LIFT

For all proteomics routine measurements we currently use
the LID-LIFT approach. However, the increased informa-
tion content of high-energy CID spectra seems attractive
for all cases where a maximum of information needs to be
accumulated, e.g. the differentiation of the isobaric Leu/Ile
and the almost isobaric Gln/Lys residues. In the course
of a de novo-sequencing project of a synthetic peptide,
LID and CID spectra were acquired using standard pa-
rameter sets (Fig. 10). The LID spectrum provided the full
and correct sequence leaving only the Leu/Ile ambiguity
at position 7: TDFEAA(L/I)NTR. The CID spectrum al-
lowed the assignment of Ile due to the diagnostic w-ion
m/z 458.03. The comparison between both spectra reveals
insight into the information content typically provided by
LID and CID spectra and allows to draw conclusions on
their usefulness in proteomics studies.

In Table 1 the total fragment ion numbers present in the
spectrum and assigned to the sequence are shown. Al-
though the number of fragments increased by almost 40%
using a collision gas, the number of assigned ions in-
creased only by one. The number of assigned backbone
fragments, internal (y–b)-ions and i-ions basically re-
mained unchanged but one additional w-type ion was ob-
served in the CID spectrum, which allowed assignment of
Ile-7. Beyond that important additional information, how-
ever, the major effect of high-energy CID compared to
LID seems to be the increased number of ions which are
not assigned. In fact, they obscure the analysis, since they
can currently not be used by the de novo sequencing soft-
ware or by search programs such as Mascot, reducing the
overall specificity of the analysis. In addition, the in-
creased number of fragmentation channels in fact de-
creases the intensity of the backbone cleavage products a,
b, and y that are most critical to protein identification.
However, the increased intensity of low MW fragments
such as the immonium ions (i-ions) and abundant diag-
nostic w-ions allow a “pinpoint analysis” on a more de-
tailed level that is not accessible by LID and the low-en-
ergy CID spectra typical for ion traps or Q-TOFs. Based

Table 1 Comparison of the number of ions in various categories
of the LID-LIFT vs. CID-LIFT spectra of the synthetic peptide
TDFEAAINTR

LID CID ∆(CID-LID)

Total 102 138 36
a, b, y ions 21 20 –1
a-17, b-17, y-17 ions 12 12 0
Internal ions (yb) 17 17 0
Immonium ions 4 5 1
Diagnostic w-ions 0 1 1
Assigned 54 55 1
Not assigned 48 83 35



963

Fig. 11 Reflector ISD spec-
trum of E. coli thioredoxin
(MW=11674.3 Da). (a) Full
spectrum containing the singly
and doubly protonated molecu-
lar ions, metastable fragmenta-
tion products (LID) and the
ISD ions, which are assigned
in the expanded view (b) – the
c-ion gap from c31–c36 is due to
the internal disulfide bridge.
(c) Close-up view with the
more intense c-ions and less
intense y-ions at isotopic reso-
lution
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on such evidence we routinely use LID for protein identi-
fication, since it provides results with higher confidence
and use CID as a second analytical step only where addi-
tional information is required.

Reflector ISD for the Characterization of Intact Proteins

For larger proteins, the MS/MS information provided by
CID and LID is limited to the major backbone cleavage
sites, i.e., C-terminal of Asp or N-terminal of Pro residues
[55]. Therefore, these methods provide useful data to map
known proteins, but the low resolution, mass accuracy,
and sequence coverage does not permit using them for
protein identification. Such LID ions of thioredoxin are
also abundantly present in the reflector ISD spectrum in
the m/z range 8000–11500 (Fig. 11a). More interestingly,
in reISD, the m/z range 1000–4500 contains monoisotopi-
cally resolved fragment ions (Fig. 11c) that provided sig-
nificant sequence readout based on c-ions and the less in-
tense y-ions (Fig. 11b). Average absolute mass accuracy
achieved was 0.11 Da and 49 of the 107 backbone cleav-
age sites (46%) provided sequence information. There-
fore, such data provide c-ion tags that can be utilized to
search for homology (BLAST) on intact proteins without
the need of digesting them. Sequence readout can typi-
cally start from the 10th residue from either side, which
renders reISD a very powerful technique for “near N-ter-
minal” and “near C-terminal” sequencing [34]. However,
protein crosslinks like the cystein bridge C32–C35 in thio-
redoxin prevent sequence-ion formation, as the respective
gap in the c-ion series shows (Fig. 11b). The sequence
readout subsequent to C35, therefore, confirms the proper
state of the intact disulfide bridge, given a mass accuracy
better than 0.2 Da.

Conclusion

The MALDI LIFT-TOF/TOF mass spectrometer enables
peptide mass fingerprints (PMFs) and MS/MS spectra to
be acquired from the same sample with high throughput
and sensitivity. Close to 80% of the spots selected from a
2D gel were identified in a fully automated way that in-
cluded the workflow from gel imaging to search result
judgement. MS/MS spectra were only acquired from spots
whose PMF failed to give unambiguous identification.
Such spots typically furnished poor quality mass spectra,
underlining the importance of sensitivity in both MS and
MS/MS modes of operation. Important factors contribut-
ing to the achieved sensitivity were:

1. fully automated spot handling reducing the risk of
sample contamination and adsorptive losses,

2. integrated sample preparation on AnchorChip targets
known to increase sensitivity by an order of magnitude,
and

3. a TOF/TOF instrument designed to utilize the abundant
LID ions for MS/MS analysis equipped with a largely
gridless ion optics for high signal-to-noise levels.

A single MS/MS spectrum can be acquired in a few sec-
onds. Only a fraction of the sample is used which enables
the acquisition of 20 or more MS/MS spectra per sample.
The data obtained from this instrument are suitable for de-
tailed analyses such as automated de novo sequencing and
protein homology searching. This extends the scope of
MS-based library searching to error-tolerant searching and
to the identification of proteins across species. Trypto-
phan oxidation (+O2, +32 Da) was found to be a major ar-
tifact of MALDI sample preparation that has been largely
ignored during protein identification studies (unlike me-
thionine oxidation), possibly due to the low frequency of
tryptophan occurrence in protein sequences.

High-energy CID produced significantly more com-
plex spectra without adding information significant to pro-
tein identification. LID appears to provide a higher speci-
ficity for protein identification due to a higher ratio of se-
quence-specific backbone fragments over fragments that
cannot be assigned to the sequence and a higher fragment
ion yield (Table 1). Ions important for diagnostic purposes
are, however, generated by CID making CID a useful sec-
ondary analytical step. The most prominent example is
differentiating between Leu/Ile, which will become rele-
vant if DNA probes are to be designed to screen cDNA li-
braries and to eventually sequence the corresponding pro-
tein at the DNA level. Another interesting application likely
to benefit from side-chain fragmentations provided by
high-energy CID on the TOF/TOF instrument is the eluci-
dation of protein modifications. Here, specific differences
in the side chain fragmentations pattern could distinguish,
say, hydroxyproline from leucine or could facilitate the
sequence determination of oligosaccharide component of
glycoproteins due to the observation of cleavages across
the ring [56]. It is likely that such applications will be
highly dependent on high-energy CID in the near future.

Together with the reflector ISD technique, the MS/MS
capabilities of the described instrument make it a very
versatile tool for solving protein analytical questions far
beyond the routine task of protein identification.
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