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Global Relative Quantification with Liquid
Chromatography-Matrix-assisted Laser
Desorption lonization Time-of-flight (LC-MALDI-
TOF)—Cross—-validation with LTQ-Orbitrap
Proves Reliability and Reveals Complementary

lonization Preferences*

Bernd Hesslingt, Knut Biittnert, Michael Heckert, and Dérte Bechert§

Quantitative LC-MALDI is an underrepresented method,
especially in large-scale experiments. The additional frac-
tionation step that is needed for most MALDI-TOF-TOF
instruments, the comparatively long analysis time, and the
very limited number of established software tools for the
data analysis render LC-MALDI a niche application for
large quantitative analyses beside the widespread LC-
electrospray ionization workflows.

Here, we used LC-MALDI in a relative quantification
analysis of Staphylococcus aureus for the first time on a
proteome-wide scale. Samples were analyzed in parallel
with an LTQ-Orbitrap, which allowed cross-validation
with a well-established workflow. With nearly 850 proteins
identified in the cytosolic fraction and quantitative data
for more than 550 proteins obtained with the MASCOT
Distiller software, we were able to prove that LC-MALDI is
able to process highly complex samples. The good cor-
relation of quantities determined via this method and the
LTQ-Orbitrap workflow confirmed the high reliability of
our LC-MALDI approach for global quantification analysis.

Because the existing literature reports differences for
MALDI and electrospray ionization preferences and the
respective experimental work was limited by technical or
methodological constraints, we systematically compared
biochemical attributes of peptides identified with either
instrument. This genome-wide, comprehensive study re-
vealed biases toward certain peptide properties for both
MALDI-TOF-TOF- and LTQ-Orbitrap-based approaches.
These biases are based on almost 13,000 peptides and
result in a general complementarity of the two approaches
that should be exploited in future experiments. Molecular
& Cellular Proteomics 12: 10.1074/mcp.M112.023457, 2911-
2920, 2013.

From the tErnst Moritz Arndt University Greifswald, Institute for
Microbiology, Friedrich-Ludwig-Jahn-Strage 15, 17487 Greifswald,
Germany

Received August 28, 2012, and in revised form, June 11, 2013

Published, MCP Papers in Press, June 20, 2013, DOI 10.1074/
mcp.M112.023457

One-dimensional gel-based liquid chromatography mass
spectrometry (GeLC-MS)' is a well-established technique in
life science. In combination with in vivo labeling approaches
such as stable isotope labeling by amino acids in cell culture
(SILAC) (1) or '°N labeling (2), it allows the relative quantifica-
tion of large numbers of proteins in a complex sample. Mass
spectrometry (MS) measurements in such workflows are pre-
dominantly performed with electrospray ionization (ESI)-
based mass spectrometers. Online coupling of a liquid chro-
matography (LC) system with fast MS spectra acquisition and
high-mass-accuracy ESI instruments in conjunction with frac-
tionation on both protein and peptide levels allows the anal-
ysis of very complex samples in a relatively short period of
time (3). The identification and quantification of data can be
done in an automatic or semi-automatic manner with a variety
of well-established software packages (4).

In proteomic research, matrix-assisted laser desorption
ionization time-of-flight tandem mass spectrometry (MALDI-
TOF-TOF) is mainly used for the analysis of non-complex
protein samples that do not require fractionation on the pep-
tide level by means of liquid chromatography. In particular,
the analysis of single protein spots resulting from the two-
dimensional PAGE separation of complex samples is primarily
carried out with this MS technique, as it allows the fast and
reliable analysis of a high number of low-complex samples (5).

In most LC-MALDI workflows, the LC system and the
MALDI instrument are coupled offline with a fractionation step
in between. Online measurement of the LC eluate is not
appropriate for most MALDI systems, as the mass analyzer is
a closed vacuum chamber and sample insertion is based on a
lock chamber, which precludes the direct injection of an LC
run. Also, the measurement speed of most MALDI instru-

" The abbreviations used are: ESI, electrospray ionization; GelLC-
MS, one-dimensional gel liquid chromatography mass spectrometry;
GRAVY, grand average of hydropathy; S. aureus, Staphylococcus
aureus.
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ments is too low to analyze samples of mid and high com-
plexity online, when large numbers of peptides elute in a short
time frame. The comparatively low throughput in terms of
single spectrum acquisition and the restricted online coupling
for most instruments are generally circumvented by the offline
coupling of an LC system and a MALDI-TOF-TOF instrument
through a fractionation system (6). The decoupling from the
chromatographic process makes MS measurements inde-
pendent of the instrument’s scan cycle time. The only restric-
tion is the sample consumption in the ionization process.
Besides counteracting excessively long cycle times of the
mass spectrometer, the offline coupling also enables multiple
measurements of the same LC run and therefore allows the
selective analysis of single precursor ions after a first analysis
of the data (7).

LC-MALDI for qualitative analysis generally ranks behind
the widespread LC-ESI approaches. This is mainly because
the additional fractionation step leads to longer analysis
times. The discrepancy in usage is even bigger for relative
quantification workflows. LC-MALDI is rarely employed for the
analysis of in vivo labeled samples, especially in large-scale
experiments. Even though it has been shown that shot-to-
shot intensity variation, which is a general drawback for quan-
titative MALDI analysis, can be overcome with a suitable
experimental setup (8), the lack of established software tools
for the analysis of these data is evident and hampers the
application of LC-MALDI in large-scale experiments.

Here, we describe for the first time a global analysis of in
vivo "°N labeled samples with a GeLC-MS/MS workflow car-
ried out with a MALDI-TOF-TOF instrument. In this workflow,
proteins were prefractionated on a one-dimensional SDS gel
and tryptically digested, and the resulting peptide mixtures
were separated by means of reversed-phase LC. The LC
eluate was then fractionated, which allowed offline coupling
with a MALDI-TOF-TOF instrument. Data were analyzed with
the Mascot Distiller software package. The same samples
were also measured with an LTQ-Orbitrap as described in a
paper by Hessling et al.? This second data set from the very
same samples allowed cross-validation with a well-estab-
lished workflow.

We proved that LC-MALDI is an appropriate option for the
quantitative analysis of in vivo labeled samples on a pro-
teome-wide scale. We identified nearly 850 proteins and
quantified more than 550 proteins within a reasonable analy-
sis time. The resulting protein ratios correlate well with exist-
ing LTQ-Orbitrap data and should encourage groups
equipped with a MALDI-TOF-TOF instrument to perform
large-scale quantitative proteomic experiments.

2 Hessling, B., Herbst, F.-A., Bonn, F., Otto, A., Rappen, G.-M.,
Bernhardt, J., Hecker, M., and Becher, D. Global proteome analysis
of vancomycin stress in Staphylococcus aureus. Accepted for pub-
lication in the International Journal of Medical Microbiology.

The measurement of the same samples with two mass
analyzers, one using ESI and the other using MALDI, also
allowed the investigation of possible biases of one or the
other mass analyzer toward peptides with certain physico-
chemical characteristics. These ionization preferences princi-
pally open opportunities with both technical and biological
potential for deeper analysis of proteomes and increased
sequence coverage in general, but they also could allow the
exploration specifically of detectable peptides and/or proteins
that could not be found with a particular ionization technique.
Existing comparative studies in this field are few so far. All of
them are limited by technical or methodological constraints of
their time. Investigations were mainly hampered by restricted
technical opportunities in the past, leading to exemplary use
of samples of low complexity (9, 10), the application of diver-
gent sample preparations such as different LC systems for
peptide fractionation (9), and a scale in terms of identification
numbers (10, 11) that is too small to enable general conclu-
sions. The large amount of data and the avoidance of any
technical variations in the present study allowed the most
comprehensive comparison of ESI- and MALDI-generated
data to date and revealed physicochemical biases in the
detection of peptides, which confirms the generally comple-
mentary nature of the two ionization techniques.

MATERIALS AND METHODS

Sample Preparation and Chromatography—The same samples an-
alyzed in this study via an LC-MALDI workflow had already been
analyzed in an LTQ-Orbitrap (Thermo Fisher Scientific, Bremen, Ger-
many) by Hessling et al.? In that work, S. aureus COL (12) was grown
under agitation at 37 °C in Luria-Bertani medium (Invitrogen, Wiesba-
den, Germany). At an Ag,, of 0.5, vancomycin (Roth, Karlsruhe, Ger-
many) was added to a concentration of 4.5 mg/l. This led to a
decreased growth rate about 30 min after the addition of the anti-
biotic. Cells were harvested 100 min after stress induction at an As,o
of about 1.4. Unstressed control samples were grown in Luria-Bertani
medium and harvested during exponential growth at an Ag,, of 1.4 as
well. The cultivations were carried out in triplicate to obtain three
biological replicates.

The "®*N-labeled standard used for quantification was the same as
that used by Hessling et al.? and was added to every sample before
mass spectrometry measurement (13). This standard was a combined
pool of vancomycin-stressed cells and exponentially growing cells
grown in a "®N-enriched Bioexpress medium (Cambridge Isotope
Laboratories, Andover, MA) that was supplemented with 5 g/l glu-
cose. The standard was mixed with equal amounts of vancomycin-
stressed and unstressed samples grown in Luria-Bertani medium as
early during sample preparation as possible. Any protein loss during
the cell lysis, digestion, and measurement was accounted for by
equally affecting the respective '°N-labeled protein.

Harvested cultures were centrifuged for 15 min at 7000g at 4 °C.
Pelleted cells were then washed in TBS (50 mm Tris, 150 mm NaCl, pH
8.0) and resuspended in 50 mm triethylammonium bicarbonate buffer.
500 pul of glass beads with a 0.1-mm diameter were added, and cells
were disrupted using a Precellys 24 homogenizer (Peq Lab, Erlangen,
Germany) for 30 s at 6800 rpm. Cell debris and glass beads were
separated from the proteins via centrifugation for 10 min at 4 °C and
21,500g. A second centrifugation step of 30 min at 4 °C and 21,500g
removed insoluble and aggregated proteins to obtain the cytosolic
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fraction of soluble proteins. The protein concentration was deter-
mined with the Roti-Nanoquant protein assay (Roth, Karlsruhe, Ger-
many) according to the manufacturer’s instructions, and the same
protein amount of '®N-labeled standard was added. The sample was
analyzed using the GeLC-MS workflow described by Otto et al. (5).
The proteins were separated via one-dimensional SDS-PAGE; the gel
was cut into 12 pieces, which were tryptically digested at 37 °C
overnight. The resulting peptide mixtures were separated via re-
versed-phase column chromatography (Waters BEH 1.7 um, 100 um
inner diameter X 100 mm, Waters Corporation, Milford, MA) operated
on a nanoACQUITY-UPLC (Waters Corporation, Milford, MA). Pep-
tides were first concentrated and desalted on a trapping column
(Waters nanoACQUITY UPLC column, Symmetry C18, 5 um, 180 um
inner diameter X 20 mm, Waters Corporation, Milford, MA) for 3 min
at a flow rate of 1 ml/min with 99% (v/v) buffer A (0.1% (v/v) acetic
acid). Subsequently, the peptides were eluted and separated with a
nonlinear 80-min gradient from 5% to 60% (v/v) acetonitrile in 0.1%
(v/v) acetic acid at a constant flow rate of 400 nl/min.

The membrane samples, which were only qualitatively analyzed to
investigate possible detection preferences linked to the peptides’
hydrophobicity, were also the same as used by Hessling et al.? The
membrane shaving protocol was carried out as described by Wolff et
al. (14). Briefly, the soluble loops of the membranes were digested
first with Proteinase K, and this was followed by chymotryptic diges-
tion of transmembrane domains. The peptide-containing solution was
loaded on a nanoACQUITY UPLC System (Waters Corporation)
equipped with an analytical column (nanoACQUITY UPLC column,
BEH130 C18, 1.7 wm, 100 um X 100 mm; Waters Corporation)
operated at 60 °C at 400 nl/min. Peptides were loaded directly on the
column, and after being washed for 30 min with 99% (v/v) buffer A
(0.1% (v/v) acetic acid), the peptides were eluted in a 5-h linear
gradient from 5% to 90% (v/v) buffer B (90% (v/v) acetonitrile in 0.1%
(v/v) acetic acid).

MS Analysis—

MALDI-TOF-TOF Measurements—For MALDI-TOF-TOF measure-
ments, the LC was coupled online with a Probot Microfraction Col-
lector (Dionex GmbH, Idstein, Germany). The LC eluate was mixed
online via a T-split with matrix solution used for MALDI analyses (3.3
mg/ml a-cyano-4-hydroxycinnamic acid in 50% (v/v) acetonitrile and
0.5% (v/v) trifluoroacetic acid; flow rate of 1.6 wl/min) and spotted
onto a MALDI target plate, with a spot collection time of 15 s. Spotted
targets were subsequently subjected to the 5800-MALDI-TOF-TOF
analyzer and measured using TOF/TOF™ Series Explorer™ Software
V4.1.0 (AB Sciex, Foster City, CA). MS spectra were recorded in a
mass range from 700 to 4000 Da with a focus mass of 1700 Da. For
one main spectrum, 15 subspectra with 200 shots per subspectrum
were accumulated using a random search pattern and continuous
stage movement.

Up to 20 precursor ions per spot were selected for MS/MS mea-
surement using a job-wide interpretation method, with a fraction-to-
fraction precursor mass tolerance of 200 ppm. For one main MS/MS
spectrum, up to 25 subspectra with 250 shots per subspectrum were
accumulated. The DynamicExit™ Algorithm was enabled using the
highest threshold settings. These settings resulted in about 25,000 to
30,000 MS and MS/MS spectra per biological replicate with an MS
analysis time of 20 to 30 h.

ESI-LTQ-Orbitrap Measurements—For LTQ-Orbitrap measure-
ments, the LC system was coupled online with the mass analyzer.
Analyses were performed as described by Hessling et al.?

Data Analysis—

MALDI Data Analysis Using Mascot—MzML files were extracted
from the instrument’s internal Oracle database using MS Data Con-
verter Beta version 1.2 (AB Sciex, Foster City, CA), processed with the
default MALDI-TOF-TOF processing options, and searched with the

Mascot search engine (V2.2, Matrix Science, London, UK) using
Mascot Distiller version 2.4.2. All files belonging to one sample were
processed together in a discrete multi-file project and searched
against an S. aureus COL target-decoy protein sequence database.
This database was composed of all protein sequences of S. aureus
COL extracted from the National Center for Biotechnology Informa-
tion bacteria genomes (www.ncbi.nim.nih.gov/sites/entrez?Db= %20
genome&Cmd=Retrieve&dopt=Protein%20%C3%BETable&list_
uids=610). A set of the reversed sequences created by Bioworks
Browser 3.2 EF2, as well as common contaminants such as keratin,
was appended, resulting in 5864 database entries in total. Search
parameters were as follows: enzyme type, trypsin, allowing two
missed cleavage sites; peptide tolerance, 150 ppm; tolerance for
fragment ions, 0.5 Da; variable modifications, oxidation of methionine
(15.99 Da) and carbamidomethylation of cysteine (57.02 Da). '°N
quantification was enabled, and only singly charged peptides were
taken into account. For identification, at least two peptides per pro-
tein had to exceed the Mascot identity or homology threshold, using
a p value threshold of 0.01. The protein false-positive rate was cal-
culated for each analysis according to Peng et al. (15) and never
exceeded 0.5% on the protein or peptide level.

Quantification was performed with the Quantification Toolbox of
Mascot Distiller. Peptides needed to pass the following quality thresh-
olds: correlation threshold, 0.9; fraction threshold, 0.8; and standard
error threshold, 0.19. Threshold values were defined through re-
peated processing of datasets of technical replicates to find the most
suitable conditions for generating the highest number of quantifiable
peptides with sufficient reproducibility (data not shown). The resulting
reproducibility values in the experiment are shown in the “Results”
section. Because files of gel bands belonging to the same sample
were processed independently, Mascot Distiller could yield more than
one quantification value per peptide. Using Excel (Microsoft Corpo-
ration, Redmond, WA), an intensity-weighted average of each peptide
was calculated. The median of the quantification values of all peptides
belonging to the same protein determined the protein quantification
value. Protein quantification results were median-centered, and ratios
were log 2-transformed.

MALDI Data Analysis Using Sequest—Protein identification using
Sequest and DTASelect, which was used only for the direct compar-
ison of MALDI and ESI data, was done as described for LTQ-Orbitrap
data by Hessling et al.? using the same mzML files as for the Mascot
analysis.

MzML files were searched with SEQUEST version v28 (rev.12)
(Thermo Fisher Scientific) against an S. aureus COL target-decoy
protein sequence database. This database was composed of all
protein sequences of S. aureus COL extracted from the National
Center for Biotechnology Information bacteria genomes (www.ncbi.
nim.nih.gov/sites/entrez?Db=%20genome&Cmd=Retrieve&dopt=
Protein%20%C3%BETable&list_uids=610). A set of the reversed se-
quences created by BioworksBrowser 3.2 EF2, as well as common
contaminants such as keratin, was appended. The searches were
performed in two iterations. First, for the membrane shaving ap-
proach, the following search parameters were applied: enzyme type,
none; peptide tolerance, 150 ppm; tolerance for fragment ions, 0.5
Da; b- and y-ion series; oxidation of methionine (15.99 Da) and
carbamidomethylation (57.02 Da) of cysteine considered as variable
modifications with a maximum of three modifications per peptide.

For MS analysis of the cytosolic samples, the following search
parameters were used: enzyme type, trypsin, allowing two missed
cleavage sites; peptide tolerance, 150 ppm; tolerance for fragment
ions, 0.5 Da; b- and y-ion series; variable modification, oxidation of
methionine (15.99 Da) and carbamidomethylation of cysteine (57.02
Da); maximum of three modifications per peptide. In the second
iteration, the mass shift of all amino acids completely labeled with
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71 out of 6 samples
12 out of 6 samples
13 out of 6 samples
24 out of 6 samples
5 out of 6 samples

M 6 out of 6 samples

Fic. 1. Frequency of protein identifications. The proportion of
proteins that could be identified with MALDI-TOF-TOF in one to six
out of the six analyzed samples (three exponentially grown replicates
and three vancomycin-stressed replicates) is displayed. More than
50% of all 848 proteins were detected in at least five out of six
samples (the '°N standard that was spiked into all samples theoret-
ically contained all proteins present in the two different physiological
conditions).

®N-nitrogen was taken into account in the search parameters. For
cytosolic samples, the resulting ".dta and ".out files were assembled
and filtered using DTASelect (version 2.0.25) with the following pa-
rameters: -y 2 (only fully tryptic peptides) -c 2 (lowest accepted
charge state) -C 4 (highest accepted charge state) -here (include only
IDs in the current directory) -decoy Reverse_ (prefix that identifies
decoy hits in the database) -p 2 (minimum of two peptides per protein)
-t 2 (purge duplicate spectra on basis of XCorr) -u (include only loci
with uniquely matching peptides) -MC 2 (maximum number of missed
cleavage sites is two) -i 0.3 (30% as lowest proportion of fragment
ions observed) -fp 0.005 (target false-positive rate of 0.005). The
SEQUEST search results for the membrane shaving samples were
probabilistically validated with Scaffold V3.4.8 (Proteome Software,
Portland, OR) applying 95% protein and peptide identification prob-
ability filters and a minimum of two identified peptides per protein.
The protein false-positive rate was calculated for each analysis ac-
cording to Peng et al. (15) and never exceeded 0.5% on the protein or
peptide level.

LTQ-Orbitrap Data Analysis—Data generated by LTQ-Orbitrap
analysis were searched and quantified as described by Hessling
et al.?

RESULTS AND DISCUSSION

General Identification of Proteins—Analysis of the six dif-
ferent cytosolic samples (three exponentially grown biological
replicates and three vancomycin-stressed biological repli-
cates) resulted in the identification of 848 proteins in total.
More than 50% of these proteins could be found in at least
five of these six samples (Fig. 1). A maximum of 697 proteins
could be identified in one sample. The false-positive rate was
checked for each replicate according to Peng et al. (15) and
never exceeded 0.5% on the protein or peptide level. The
large number of proteins found in the majority of all analyzed
samples proves the consistency and robustness of the
method. Analysis of the same samples with an LTQ-Orbitrap
resulted in the identification of 1165 proteins with comparable
filter criteria and false discovery rates (Hessling et al.?); 60%
of them were detected in at least five out of six samples. The

A) Protein identifications B) Peptide identifications

MALDI-TOF-TOF MALDI-TOF-TOF L

1288 | 5264

39 | 805

Fic. 2. Venn diagrams of (A) identified proteins and (B) identified
peptides. The numbers over dark gray areas represent identifications
in the GeLC-MALDI-TOF-TOF workflow. The numbers over light gray
areas represent identifications made via GeLC-LTQ-Orbitrap from the
same samples. Numbers in the intersection areas relate to proteins
that were identified with either method.

Venn diagram in Fig. 2A shows the very high overlap of
identifications for the two instruments on the protein level. The
number of 39 proteins exclusively identified with MALDI-TOF-
TOF mass spectrometry is low, but despite the low number of
additional proteins, our dataset of 848 proteins identified on a
MALDI instrument is large enough to allow meaningful quan-
titative investigations in a highly complex sample. Therefore,
the almost invariable use of MALDI instruments in proteomic
research for non-complex samples seems to underestimate
the potential of this technique.

Quantification of Proteins— About half of all peptides iden-
tified via MALDI-TOF-TOF analysis could also be quantified
on the basis of the corresponding '>N-labeled peptide of the
spiked-in standard using the Mascot Distiller software. The
proportion of identified peptides that could also be quantified
via this method (quantification efficiency) is between 49% and
51% for the six different samples. In total, quantitative data for
554 proteins could be obtained, with nearly 50% of them in at
least five out of six samples. Up to 415 proteins could be
quantified in a single biological replicate.

The quantification efficiency for peptides identified with the
LTQ-Orbitrap instrument and processed using Census soft-
ware was around 80% for the different samples. This led to
quantitative data for 1100 proteins; up to 972 proteins could
be quantified in a single biological replicate. The significantly
higher quantification efficiency for the LTQ-Orbitrap data
might have been caused by the different data-analysis soft-
ware packages, but quantification of LTQ-Orbitrap-generated
data with MALDI Distiller delivered similar quantification effi-
ciencies as with Census (80% to 90%). We suggest that the
main reason for the lower quantification efficiency might be
the lower number of MS1 scans per time frame of the LC run.
As described in “Materials and Methods,” one fraction col-
lected with the LC Probot represents 15 s of the LC run. In the
LTQ-Orbitrap analysis, cycle times between two consecutive
MS1 scans were less than 2 s. These highly time-resolved
data enable a better statistical analysis of a peptide’s elution
peak. The higher the number of MS data points in such an
elution peak is, the more accurate data processing in the
quantification process will be, and therefore immanent statis-
tical thresholds for trustworthy quantification will be less fre-
quently exceeded, leading to higher quantification efficiency.
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Fic. 3. Scatter plots for (A) two replicates analyzed with MALDI-TOF-TOF and (B) the same sample analyzed with MALDI-TOF-TOF
and with LTQ-Orbitrap. A, log2 ratios of two exponentially grown biological replicates against the internal standard, both analyzed with
MALDI-TOF-TOF, are plotted against each other. B, log2 ratios of one exponentially grown biological replicate against the internal standard,
one analyzed with MALDI-TOF-TOF and the other with LTQ-Orbitrap, are plotted against each other. Linear trend lines (black) with the linear

equation (y) and coefficient of determination (R?) were calculated.

A comparable time resolution for LC-MALDI-generated data is
not achievable, as the analysis time would increase unreason-
ably. MS1 scans on a MALDI-TOF-TOF instrument take much
more time than on the LTQ-Orbitrap, as one main MS1 spec-
trum is an average of multiple subspectra recorded on differ-
ent locations of a spot. This is especially necessary in quan-
titative analyses in order to overcome the MALDI-specific
problem of poor reproducibility of signal intensities (8).

T4N/*5N ratios for the same peptides of the different biolog-
ical replicates analyzed with MALDI-TOF-TOF were in good
correlation, as illustrated in Fig. 34, in which peptide ratios of
two exponentially growing biological replicates are plotted
against each other. Calculated trend lines for these plots of
biological replicates showed slopes near to 1 and an average
coefficient of determination of 0.71. Given that these repli-
cates include a biological variance, the correlation is high on
technical level. The cross-validation of MALDI-TOF-TOF-gen-
erated peptide ratios with the LTQ-Orbitrap-generated data
from the same sample is shown in Fig. 3B. The very good
correlation of our data that were processed with Mascot
Distiller with data generated by a well-established quantifica-
tion workflow (16) that used the Census software (17) proves
the general reliability of the new workflow.

There have been reports about the non-quantitative nature
of MALDI-TOF-TOF mass spectrometry that refer to its repro-
ducibility problems in term of spot-to-spot variability (18-21).
This is mainly caused by inhomogeneous samples due to
so-called hot spot formation in the crystallization process (22).
Also, the ion suppression effect in the MALDI process ham-
pers quantitative analysis with this ionization technique (23).
But our results show that by averaging enough laser shots
over a large sample area and using isotopically labeled pep-
tides as internal standards, which were proposed strategies
for overcoming the MALDI-specific problems in quantification

(8), we were indeed able to obtain reproducible and reliable
data (Fig. 3). Thus we converted these theoretical consider-
ations into a viable experimental strategy.

Sensitivity of MALDI and ESI—The number of identified
peptides was 6552 in the MALDI-TOF-TOF approach and
11,607 in the LTQ-Orbitrap analysis. Even though the abso-
lute numbers point at a considerably higher sensitivity for the
LTQ-Orbitrap in our analysis setup, the Venn diagram of pep-
tide-level data shows considerably less overlap than that for
the protein level (Fig. 2). This indicates that the two mass
spectrometry techniques are complementary. In our case, an
additional measurement with MALDI-TOF-TOF did not in-
crease the number of identified proteins significantly, but it
would enhance the sequence coverage of the identified pro-
teins. The sample preparation and fractionation parameters
were chosen not only to yield good sensitivity, but also to
allow sample analysis in an appropriate time frame and direct
comparison to the LTQ-Orbitrap analysis. Reducing sample
collection times of the LC run fractionation would be advan-
tageous for peptide detection but would be accompanied by
an extended analysis time. With given parameters, the anal-
ysis time for one sample was between 20 and 30 h and thus
was similar to that in the LTQ-Orbitrap analysis.

Previous studies comparing MALDI and ESI instruments
with respect to their sensitivity in proteomic analysis have
come up with different results, but the detection levels of the
two compared instruments mostly did not vary as strongly as
in the present study (3, 9, 11, 24, 25). Here we have to point
out that the speed of technological development in the two
ionization branches has varied in recent years. Faster devel-
opment of new MALDI generations is highly desired in order to
close this technological gap. We used state-of-the-art mass
spectrometers for both ionization techniques, and we suggest
that the amount of effort recently put into the development of
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LC-MS optimized ESI-MS/MS instruments resulted in the
higher sensitivity of the ESI instrument in our study. But we
also have to stress that we used one of the most sensitive ESI
instruments available for the comparison. Several other types
of ESI instruments commonly used in laboratories do not
reach this high level of sensitivity and acquisition speed. With
such instruments, the proportion of proteins and peptides
specifically detected with ESI is much smaller, and the portion
of MALDI-specific peptides and proteins is considerably
higher (data not shown). Therefore, the MALDI approach
might especially be taken into consideration by those labora-
tories not always equipped with the most modern generation
of ESI instruments.

Detection Preferences of Both lonization Methods —Despite
this general disadvantage regarding the sensitivity of existing
MALDI instruments relative to the most modern ESI instru-
ments, the complementary nature of the two ionization tech-
niques that was recognized in the few studies conducted in
the past (9, 10) is still apparent. A strong indication of this is
the observed discrepancy between very few exclusively iden-
tified proteins and a comparatively high number of exclusively
identified peptides in the MALDI-MS-based data. This means
that different peptides originating from the same protein, and
therefore present in the same amounts, were specifically de-
tected with either MS instrument. This observation may be
linked to a preferential detection of peptides based on their
biochemical properties.

The analysis of the same samples separated with the same
chromatographic systems and parameters but two different
mass spectrometry instruments allowed us to investigate
whether peptides with certain biochemical features are pref-
erentially detected by either instrument. Existing literature
asserts different biases of MALDI or ESI ionization toward
certain peptide properties. There are common hypotheses for
both ionization methods (e.g. higher sensitivity of MALDI in-
struments toward more basic peptides) (26), but these find-
ings are based on the analysis of peptides with different
biochemical properties on the same instrument and therefore
have only limited value for detailed conclusions about ioniza-
tion preferences. Different systematic studies carried out on
either single instrument type revealed that MALDI and ESI
both preferentially ionize peptides with a large proportion of
hydrophobic amino acids (27, 28). Moreover, these single-
instrument analyses were restricted to small sets of synthetic
(27) or small peptides (28), limiting the statistical inference for
general conclusions with respect to ionization preferences.
Additionally, these analyses of low-complex samples miss the
large differences in peptide abundance and frequently occur-
ring suppression effects that large-scale proteome studies
have to deal with. Only a global, comparative analysis of the
same samples on both instrument types allows one to deter-
mine whether peptides with certain characteristics are gener-
ally hard to access via mass spectrometry or whether chang-
ing the ionization technique would lead to an increase in

sensitivity for such peptides. But comparative proteomic
studies of MALDI and ESI instruments that directly compare
both ionization techniques have been rare so far and generally
are too small in terms of identification nhumbers to allow a
statistically relevant analysis of identified peptides (9-11).

Our large dataset of nearly 13,000 identified peptides, of
which more than 5200 could be detected with both mass
analyzers, overcomes these restrictions and allows a statisti-
cally meaningful comparison of an ESI and a MALDI instru-
ment regarding their biases in the ionization of peptides. In
order to assign occurring differences between the two data-
sets to the different mass analyzers distinctively, we wanted
to harmonize not only sample preparation, but also data pro-
cessing for both datasets as far as possible. We performed
the same database search for the three exponentially grown
replicates analyzed with MALDI-TOF-TOF as we did in a
previous study for the LTQ-Orbitrap-generated data, which
means that data were searched with SEQUEST algorithm and
afterward filtered with DTASelect to reach a target false-
discovery rate of 0.5%. These results were compared with the
corresponding LTQ-Orbitrap data.

To emphasize differences between the two detection
techniques, we focused on peptides that were preferentially
identified by only one mass analyzer. A preferentially iden-
tified peptide was specified as a peptide that was detected
in all three replicates with one mass analyzer and at most in
one replicate with the other mass analyzer, or in two out of
the three replicates with one mass analyzer but in no repli-
cate with the other. A comparison of the relative abundance
of the different amino acids showed significant differences
between the two datasets generated with either MALDI-
TOF-TOF or LTQ-Orbitrap.

Composition-dependent Preferences of MALDI loniza-
tion—An inspection of the data presented in Fig. 4 revealed
that peptides containing an arginine or an aromatic amino
acid were preferably detected by MALDI-TOF-TOF, whereas
the presence of a lysine resulted in preferential detection with
the LTQ-Orbitrap. About 65% of all MALDI-identified peptides
shown in Fig. 2B ended with a C-terminal arginine, in contrast
to only 24% for peptides identified with the LTQ-Orbitrap. The
relative abundance of arginine is almost three times greater in
MALDI-specific peptides than in Orbitrap-specific peptides
(Fig. 4). The preferential MALDI ionization of tryptic peptides
containing arginine was also observed by Krause and co-
workers (29), as well as in different ionization comparison
studies (9, 30). A more recent study by Dupré and co-workers
seems to contradict these observations by noting higher qual-
ity MS/MS spectra from ESI instruments when analyzing argi-
nine-containing peptides, whereas MALDI produced MS/MS
spectra of higher quality when analyzing arginine-free pep-
tides (31). This study was based on only 15 synthetically
designed Lys-N proteolytic peptides and is not corroborated
by our large dataset analysis of tryptic peptides.
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The high proportion of the aromatic amino acids tyrosine,
tryptophan, and phenylalanine that we observed in our
MALDI-detected peptides has been recognized before in lim-
ited datasets of particular groups of proteins (9) or synthetic
peptides (32) and might be attributable to the beneficial photo
excitation of these moieties during ionization (26). Addition-
ally, the larger proportion of the secondary amino acid proline
in our study in MALDI-identified peptides is noticeable. Baum-
gart and coworkers reported a single-instrument analysis in
which MALDI generally preferred peptides with a large pro-
portion of proline, arginine, phenylalanine, and leucine (27).
Except for leucine, we can now support these findings in
direct comparison to an ESI instrument (Fig. 4).

Our observed identification frequencies (Fig. 4) open
interesting opportunities for research on MALDI-preferred
peptides. All amino acids appreciably increased in MALDI
analysis—arginine, tyrosine, tryptophan, phenylalanine, and
proline—are amino acids of low occurrence in organisms.
One of the rarest amino acids in S. aureus, tryptophan, with
an average frequency of ~1% in proteins, could be detected
in ESI-specific peptides with a much lower rate of 0.2% only,
whereas MALDI-specific peptides reflected its natural occur-
rence. An enhanced excitation in the MALDI process corre-
lates to reported features of the indole moiety of tryptophan in
fluorescence; its strong fluorescence masks the fluorescence
of any other aromatic amino acid. But the amino acids con-
taining a benzene moiety, tyrosine and phenylalanine, are
even more overrepresented in MALDI-specific peptides, at
around 5% and 6%. Their natural occurrence is between 4%
and 4.5%, and they are underrepresented in ESI-specific
peptides, at 3% or less. The non-aromatic ring moiety of
proline seems to influence ionization efficiency in MALDI pos-
itively, too. Proline occurs in the ESI-specific data at little
more than 3%, which fits its natural occurrence in S. aureus.
In the MALDI analyses, proline was overrepresented with a
proportion of nearly 5%. Proline-containing peptides might be
of special interest in certain proteomics projects because of
its ability to compromise secondary structures of proteins.

Therefore, specifically structural peptides might be easier to
ionize, as several structural proteins have higher proline
concentrations. Altogether, these MALDI-specific prefer-
ences for amino acids of low occurrence should be used in
future experiments targeting peptides containing these
amino acids.

The amino acid of lowest occurrence in S. aureus, with a
natural frequency below 1%, is cysteine. Cysteine was gen-
erally discriminated in our experimental setup and is too
scarce to be considered in statistically reliable conclusions.
This might be strongly linked to the first step of separation via
one-dimensional SDS-PAGE, which could prevent the elution
of insufficiently alkylated peptides. But we find it remarkable
that this amino acid of lowest occurrence, which was proba-
bly discriminated in an early step of the sample preparation,
could be found in MALDI with a distinguishable proportion,
whereas in ESI it was almost undetectable (Fig. 4). This should
be explored in a more suitable experimental setup in future.

Composition-dependent Preferences of ESI—Besides the
already mentioned overrepresentation of lysine, there were
some more amino acids with a significantly higher proportion
in the peptides preferentially detected with the LTQ-Orbitrap
in our data (Fig. 4). These amino acids often share certain
biochemical properties. The aliphatic amino acids alanine,
valine, leucine, and isoleucine all showed a moderately higher
proportion in the LTQ-Orbitrap-identified peptides. This is true
to a larger extent for methionine, which is not strictly aliphatic
because of its sulfur-containing side chain but which shares
chemical attributes of this group. Proline was the only excep-
tion in the class of aliphatic amino acids, as it occurred far
more often in peptides specifically identified via MALDI. As
already mentioned, both ionization techniques separately
have been reported to favor hydrophobic over hydrophilic
peptides (27, 28). The direct comparison previously revealed a
higher preference of ESI toward aliphatic peptides in the
particular group of DNA-binding proteins (9), which correlates
well with our genome-wide observations. A positive effect of
MALDI in terms of peptide ionization caused by branched
amino acids that was noticed by Valero et al. (32) cannot be
confirmed by our study, which shows moderate preferences
of ESI for these amino acids.

Amino acids with a carboxyl-group-containing side chain
(aspartic acid and glutamic acid) and two amino acids with a
hydroxyl-group-containing side chain (serine and threonine)
could be found in higher proportions in preferentially LTQ-
Orbitrap-identified peptides (Fig. 4). The third proteinogenic,
hydroxyl-containing amino acid, tyrosine, occurred more of-
ten in MALDI-specific data, as already mentioned. The strong
bias of MALDI for aromatic residues seems to superimpose
the relatively weak effect of the hydroxyl group in this amino
acid. A preference of ESI was described for hydroxyl-group-
containing peptides (9), but not for carboxyl-containing pep-
tides that could be observed in our study for the first time.
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Biochemical Properties of Preferentially Identified Pep-
tides—The differential preferences of the two mass analyzers
for certain amino acid classes correlate with differences in the
biochemical properties of the peptides preferentially identified
with one of the two mass spectrometers. The comparison of
the isoelectric points (pl), calculated with ExXPASy’s Compute
pl/Mw program, showed a higher proportion of peptides with
lower pl values for the LTQ-Orbitrap-detected peptides and
with higher pl values for the MALDI-TOF-TOF-based peptides
(Fig. 5A). The average pl of all exclusively identified peptides
(6.01) was higher in the MALDI-TOF-TOF- than in the LTQ-
Orbitrap-obtained data (5.28). The bias of MALDI for peptides
that contain a large proportion of basic amino acids becomes
even more evident when comparing average pls of all amino
acids of the identified peptides. In Fig. 5B, the distribution
curve of this average amino acid pl based on MALDI-TOF-
TOF data is clearly shifted to more basic values. If aspartic
and glutamic acid, which additionally carry acidic carboxyl
groups, are omitted from this calculation, this shift is pre-
served (data not shown). Therefore, we can conclude that the
shift displays a general phenomenon independent of the pref-
erence of the Orbitrap for peptides containing aspartic and
glutamic acid.

We also calculated the grand average of hydropathy
(GRAVY) of the identified peptides according to Kyte and
Doolittle (33). Positive GRAVY values indicate hydrophobic
peptides (the higher the GRAVY, the stronger the hydropho-
bicity), whereas negative values indicate hydrophilic peptides
(the lower the GRAVY, the stronger the hydrophilic character).
The distribution of cytosolic peptides according to their
GRAVY values is shown in Fig. 6A. The obtained overlap of
the two distribution curves seems to contradict the supposed
bias of ESI-MS for peptides containing more hydrophobic
amino acids. To further investigate a possible preference for
hydrophobic peptides of either ionization technique, we ad-
ditionally analyzed the membrane shaving fraction, purified
and analyzed via LTQ-Orbitrap by Hessling et al.,> with
MALDI-TOF-TOF. The membrane shaving fraction especially
contains the hydrophobic membrane-spanning domains of

peptides (14) and had never been analyzed before with
MALDI-MS. In the preparation of these fractions, cell mem-
branes are spun down via ultracentrifugation and digested
with Proteinase K to deplete the soluble loops of membrane-
associated proteins. In a consecutive step, the transmem-
brane domains are digested by chymotrypsin and are then
accessible in mass spectrometry workflows. We compiled
distribution curves of these more hydrophobic peptides ac-
cording to their GRAVY values as well (Fig. 6B). The distribu-
tion curve of the preferentially LTQ-Orbitrap-identified pep-
tides was clearly shifted to higher GRAVY values relative to
MALDI-preferred peptides, supporting the reported bias of
ESI for hydrophobic peptides (9) and the preference of
ESI-MS for peptides containing aliphatic amino acids. The
observed effects of single aliphatic amino acids were com-
paratively low, and we believe that the high proportion of
aliphatic amino acids in the membrane shaving fraction and
the preferential detection of peptides containing these amino
acids by ESI-MS resulted in the considerably shifted distribu-
tion in this fraction.

An additional discriminating peptide attribute for detection
by MALDI and ESI instruments was reported to be the peptide
mass. Lasaosa and coworkers found a higher percentage of
peptides with masses below 1400 Da in their LC-MALDI ap-
proach and a larger proportion of peptides with masses
higher than 1400 Da in their LC-ESI analysis (11). In contrast,
Stapels and Barofsky (9) and Seymour et al. (34) did not find
any dependence on molecular mass. A discriminating effect
of peptide mass could not be observed in our analysis, either
(Fig. 7). Distribution curves of peptides detected with either
instrument type showed variation, indeed, but a significant,
mass-related bias could not be detected, supporting the ob-
servations of Stapels and Barofsky (9) and Seymour and
coworkers (34).

Finally, we have to point out that highly sophisticated in-
struments always differ in more than one single component.
The two instruments used for this study vary in far more than
their ionization method (e.g. different mass analyzers and
fragmentation methods), and these technical distinctions
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might have contributed to our observed peptide preferences.
However, the overlapping of results of our analysis with those
from prior comparative studies using completely different in-
strument types (but always an ESI and a MALDI instrument)
strongly indicate primarily ionization-based results.

CONCLUSION

We were able to prove that the combination of global quan-
titative LC-MS analysis with MALDI-TOF-TOF instruments is
feasible. Modern instrumentation and software solutions can
be used to collect high-quality data in a reasonable time.
Although the comparison with a state-of-the-art ESI instru-
ment showed discrepancies in terms of identification numbers
and quantification efficiency, it also revealed a complemen-
tary nature of the ionization techniques.

Most observed biases in our study, such as the tendency of
MALDI to prefer peptides containing arginine, proline, and aro-
matic amino acids or of ESI to favor peptides containing hydro-
phobic amino acids, support earlier findings, but many contrary
observations were made in the past as well. The technical or
methodological constraints of earlier studies that aimed at a
better understanding of peptide ionization preferences resulted
in such uncertainties and partial contradictions. Single-instru-
ment analysis, samples of low complexity, the application of

1100

—MALDI
Orbi

1600 2100 2600 3100 3600

molecular weight in Da

4100 4600

divergent sample preparations such as different LC systems for
peptide fractionation, and samples that were too small in terms
of identification numbers hampered significant interpretation in
most existing studies, and as a result minor effects might be
overrepresented in the literature. Using a systematic approach,
we tried to resolve this situation by undertaking a genome-wide
analysis of highly complex samples and a detailed comparison
of ionization preferences of almost 13,000 peptides on a scale
unparalleled to date. The few existing studies also comparing
MALDI and ESI peptide ionization used technically highly differ-
ent instruments. Observed preferences consistent with earlier
studies can therefore be attributed to the two applied ionization
techniques. Contributions of other technical discrepancies be-
tween these two instrument types cannot be completely ex-
cluded, but such effects are not obvious.

We observed complementary results in terms of prefer-
ences of either technique for certain amino acids and bio-
chemical properties of peptides. For practical purposes, these
tendencies can be utilized, for example, in studies targeting
proline-containing structural peptides and proteins or pep-
tides specifically containing aromatic amino acids and argi-
nine, or in the selective application of MALDI and ESI instru-
ments to increase sequence coverage.
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