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Abstract

Multiple Reaction Monitoring (MRM), commonly employed for the mass spectrometric detection
of small molecules, is rapidly gaining ground in proteomics. Its high sensitivity and specificity makes
this targeted approach particularly useful when sample throughput or proteome coverage limits global
studies. Existing tools to design MRM assays rely exclusively on theoretical predictions, or combine
them with previous observations on the same type of sample. The additional mass spectrometric
experimentation this requires can pose significant demands on time and material. To overcome these
challenges, a new MRM worksheet was introduced into The Global Proteome Machine database
(GPMDB) that provided all of the information needed to design MRM transitions based solely on
archived observations made by other researchers in previous experiments. This required replacing
the precursor ion intensity by the number of peptide observations, which proved to be an adequate
substitute if peptides did not occur in multiple forms. While the absence of collision energy
information proved largely inconsequential, successful prediction of unique transitions depended on
the type of fragment ion involved. The design of MRM assays for iTRAQ-labeled tryptic peptides
obtained from human platelet proteins demonstrated the usefulness of the MRM worksheet also for
quantitative applications. This workflow, which relies exclusively on experimental observations
stored in data repositories, therefore represents an attractive alternative for the prediction of MRM
transitions prior to experimental validation and optimization.
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Introduction

The global, unbiased analysis of a proteome is an important aspect of systems biology, as
proteins are involved in the majority of processes taking place in a biological system [1]. Mass
spectrometry allows the characterization of large numbers of proteins without prior knowledge
of their identity, making it the method of choice in global proteome analyses [2]. Despite
significant technical advances, current mass spectrometers are still not capable of handling the
complexity and dynamic range of the peptide mixtures that are generated in proteomics. As a
result, such mixtures are typically undersampled, i.e. not all of the peptides present in the
mixture are isolated and subjected to fragmentation to produce sequence information. This
mostly affects peptides of lower intensity that co-elute with more abundant peptides, as they
will escape further analysis in the standard experimental setup that selects the peptides to be
sequenced based on signal intensity [3].

Several options exist to overcome this limitation: iterative analyses that exclude already
sequenced peptides can be carried out [4]; peptides of particular interest can be given priority
over others based on inclusion lists [5]; or dedicated scans can be performed that focus on a
subset of peptides carrying specific information, for example precursor ion scans to detect post-
translationally modified peptides such as phosphopeptides [6]. The latter two approaches are
targeted, as they take advantage of prior knowledge of a peptide’s mass-to-charge ratio (m/z)
or a characteristic fragment ion, respectively, to increase the specificity and sensitivity of its
detection. Extending this concept further, i.e. defining the m/z of the peptide and one of its
fragment ions, results in the maximum specificity and sensitivity possible for mass
spectrometric peptide detection. Indeed, the corresponding Multiple Reaction Monitoring
(MRM) approach is commonly applied in pharmaceutical research for the identification of
trace amounts of analyte molecules in complex matrices [7,8]. In proteomics, an increasing
number of reports demonstrate its suitability for the detection of low abundant proteins in
plasma [9,10] and post-translational modification sites in proteins [11-15], and for quantitative
comparisons between different proteome states [16-18].

As a targeted proteomics approach, MRM requires the definition of the experimental
parameters prior to sample analysis. For the highly sensitive analysis of proteins, this translates
into knowing the m/z of an abundant, consistently produced (or “proteotypic”) peptide [19],
as well as the m/z of one of its fragment ions that is generated with high intensity. Two different
general workflows to predict the most promising set of suitable MRM transitions have been
realized to date: while one approach relies entirely on physicochemical parameters and in silico
predictions [9,19], a recently introduced alternative expands this concept by also taking into
account archived experimental information obtained in previous global proteome experiments
[20]. Both approaches involve substantial additional experimentation prior to MRM assay
validation and optimization, as they require the evaluation of the predicted sets of MRM
transitions or the initial definition of the proteome under study. In contrast, a workflow that
relies exclusively on previous experimental observations stored in data repositories to design
MRM assays would potentially reduce the amount of time and material consumed in these
initial steps.

Here, we describe the utilization of The Global Proteome Machine database
(http://gpmdb.thegpm.org), currently the largest curated repository for tandem mass
spectrometric data, for this purpose. To this end, a novel MRM worksheet was developed and
implemented that provides the necessary information for the design of MRM assays. Using
tryptic digests of human platelet lysates, this interface was then tested for its suitability and
usefulness for this application. Examination of the information available in GPMDB
highlighted the lack of two parameters linked to the sensitivity of an MRM transition: precursor
ion intensity and collision energy. Subsequent investigation showed the number of peptide
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observations to be an adequate substitute for precursor ion intensity, whereas the lack of
information on the collision energy was found to be largely inconsequential for the success
rate of the initial tests. Utilization of GPMDB for the prediction of the uniqueness of a transition
had limited success. In contrast, the design of suitable MRM transitions for iTRAQ-labeled
peptides required only minimal manipulation that affected the sensitivity of individual
transitions, but not the specificity or general usefulness. Taken together, these results
demonstrate that the new MRM worksheet in GPMDB can be used successfully for the initial
design of MRM transitions that monitor tryptic peptides from human proteins in complex
samples.

Materials and Methods

MRM Library Creation, Storage and Retrieval

The MRM spectrum library used in this study was derived from data gathered by the Global
Proteome Machine project since its inception in January 2003. Approximately 600,000,000
peptide tandem mass spectra generated by many laboratories using a variety of experimental
protocols and analytical instrumentation were analyzed using one of the X! Series search
engines (X! Tandem [21], PPP [22] or Hunter [23]) and 5.9 x 107 of the highest quality peptide
sequence assignments, along with the information required for the statistical analysis of the
sequence assignment and the corresponding tandem mass spectrum were stored in data
repository that consists of a collection of XML analysis files and a database, collectively
referred to as GPMDB [24]. On average, each peptide sequence was represented by 46 separate
observations.

The information in GPMDB on human source proteins was used to generate a set of consensus
spectra representing all of the peptide sequence assignments with an expectation of being a
stochastic assignment (E-value) of less than 0.001. The set of spectra associated with a unique
peptide sequence were clustered into multiple subsets. These subsets were based on the
precursor ion charge and spectral characteristics of the individual tandem mass spectra and the
observed modifications of the peptide sequence: post-translational modifications; experimental
artifacts and reagents (e.g., methionine oxidation or cysteine blocking reagents); and reagents
for quantitation using isotope dilution methods. These subsets were combined into consensus
spectra using a method previously described [23]. Each unique peptide sequence/modification
state/precursor ion charge combination could result in multiple consensus spectra, based on
the observed pattern of fragment ions. These additional subsets were primarily based on
whether low mass (< 300 Da) ions were observed or not. This pattern-based clustering was
designed to differentiate between tandem spectra collected on mass spectrometers with ion trap
mass analyzers and those collected with quadrupole-TOF analyzers for doubly and triply
charged precursor ions. Spectra from singly charged precursor ions were dominated by data
from TOF-TOF analyzers with MALDI ion sources.

The resulting consensus spectra were then subjected to a further set of curation steps, prior to
inclusion in the final MRM library. To be included, a spectrum must have had at least 60 % of
the total number of ions assigned as b- or y-ions or their corresponding secondary fragment
ions after neutral loss of ammonia or water, and these ions must have contributed at least 60
% of its total intensity. The m/z value for these assignable ions were corrected to be the true
calculated values, in the final library. Any spectrum associated with either an isotopically
labeled peptide, a quantitation reagent (such asiTRAQ or ICAT) or asingle nucleotide-induced
amino acid polymorphism (SNAP) was excluded from the library. The peptide sequences were
then aligned with the protein sequences in the most recent version of the human genome
assembly (NCBI 36) using the ENSEMBL gene models (Homo sapiens, version 50) and the
protein sequence coordinates recorded.
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Once the libraries had been created and curated, they were loaded into a relational database,
constructed using MySQL (version 5.0). The user interface was constructed to be readable in
any commonly used HTML web browser, using the Apache HTTP server (version 2.2) and
Perl (version 5.0). All of the displayed pages were generated from the database contents at
runtime, with no stored pages or procedures. The source code used to load the libraries,
construct the database and render the various displays was made available at the GPM project
FTP site (ftp://ftp.thegpm.org/repos/mrm). The peptide frequency information used in the
displays was generated from the GPMDB daily built and the relative retention time information
was calculated using a previously described method [25].

Preparation of platelets

Ethical approval for this study was granted by the University of British Columbia Research
Ethics Board and informed consent was granted by the donors. Whole blood was drawn from
the antecubital vein of healthy human volunteers into 0.15 % (v/v) acid-citrate-dextrose (ACD)
anticoagulant. Standard centrifugation procedures were used to isolate platelets, which were
then washed twice in physiological buffer (10 mM trisodium citrate, 30 mM dextrose, 1 U/mL
apyrase). Platelets were re-suspended in Tris-buffered saline containing 5 mM EDTA, and
counted using an Advia Haematology Analyzer. Platelets were centrifuged at 1500 rpm for 15
minutes at room temperature and the platelet pellet was resuspended in 1x lysis buffer (20 mM
Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 % TX-100, 2.5 mM Na pyrophosphate, 1 mM p-
glycerolphosphate, 1 mM NazgVOy, 1 x protease inhibitor cocktail). Platelets were lysed for
an hour on ice prior to storage at —80°C if required.

Proteolytic Digestion

Platelet lysate samples, containing 250 pg protein, were thawed slowly on ice and exchanged
into 25 pl of 50 mM NH4HCO3 by centrifugation using 3000 Da Molecular Weight Cutoff
Microcon centrifugal filter devices (Millipore Corporation, Bedford, MA, USA). Samples were
denatured by heating at 99°C for 10 minutes, reduced using 1 pug dithiothreitol (DTT) per 50
pg protein (5 uL of 1 mg/mL DTT stock solution) at 37°C for 30 minutes and alkylated with
5 pg iodoacetamide per 50 g protein (25 pL of Img/mL iodoacetamide stock solution) at 37°
C for 20 minutes. In solution tryptic digestions were performed overnight at 37°C, using 1 ug
trypsin per 50 pg protein (5 pL of 1 mg/mL trypsin stock solution). Digestion was stopped by
addition of 1 pL concentrated Trifluoracetic acid (TFA).

Sample separation and clean-up

Strong cation exchange (SCX) was conducted using an Ettan MDLC (GE Healthcare
Biosciences AB, Uppsala, Sweden). The column used was a 4.6 mm x 150 mm Zorbax 300-
SCX column with particle size 5 um and sulfonic acid-based cation exchange ligand (Agilent
Technologies, Santa Clara, CA, USA). The mobile phases for running the SCX separation were
25 % HPLC grade acetonitrile (ACN, buffer A) and 25 % HPLC grade ACN and 500 mM
NH4CI (buffer B). The gradient for Buffer B changed from 0 — 60 % over 20 minutes, and
from 60 % — 100 % over five minutes using a flow rate of 30 uL/min. Twenty-five fractions
(each 500 pL) were collected. Fractions were dried down and re-suspended in 20 UL 5 % formic
acid (FA). All of the fractions were Zip-Tipped individually using OMIX C18 tips (Varian Inc,
Lake Forest, CA, USA). The cleaned solutions were re-combined, dried down and re-
suspended in 25 puL of 5 % FA prior to analysis by mass spectrometry.

iTRAQ-labeling of platelet digests

100 pg of digested platelet proteins were labeled with iTRAQ reagents (Applied Biosystems,
Framingham, MA, USA). iTRAQ reagent 115 was resuspended in 70 pL of ethanol and added
to the digested platelet sample. The pH was adjusted to between 7.5 and 8.5 using 0.5 M
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triethylammonium bicarbonate and the sample was incubated for 1 hour at room temperature.
100 pL of water was then added to quench the reaction and the iTRAQ labeled sample was
dried down using a vacuum concentrator. The sample was re-suspended in Buffer A, acidified
to below pH 3 and separated using the Ettan MDLC system as described in the previous
paragraph.

Mass spectrometry

Results

The MRM and MIDAS (MRM-initiated detection and sequencing) experiments were carried
out on a 2000 Q-TRAP system (Applied Biosystems, Framingham, MA, USA) coupled to a
nano-LC system (LC Packings, San Franscisco, CA, USA). 2 ul of platelet tryptic digests were
separated over a 75 um x 150 mm reversed-phase C18 column (particle size 3 um, GL Sciences,
Tokyo, Japan). A linear gradient of 5to 60 % B in 50 min (solvent A: 95 % water + 0.1 % FA,
solvent B: 80 % ACN + 0.1 % FA) at a flow rate of 200 nL/min was applied. Samples were
analyzed on-line with nanospray ionization in positive mode. MRM was performed on
predicted transitions determined using GPMDB’s MRM worksheet. MIDAS™ workflow
designer software (Applied Biosystems) was used to calculate the collision energy for each
individual peptide based on a linear relationship between precursor ion m/z and collision energy
defined therein, and to generate the MIDAS acquisition methods. Typically, MRM transitions
for at least three fragment ions per peptide were employed. Data were acquired for a minimum
of three technical repeats and processed using Analyst 1.4.2. software (Applied Biosystems),
and the correctness of the MRM-peptide assignment was confirmed by MIDAS experiments
and database searches.

Defining the information necessary for MRM assays

Multiple Reaction Monitoring (MRM) is commonly employed for the targeted analysis of
drugs and metabolites due to its specificity and sensitivity. This is accomplished by operating
the first and third quadrupole of a triple quadrupole-type instrument such that they let pass only
ions with predetermined m/z while excluding all others (Fig. 1). While this results in the
maximum specificity for the detection of a given analyte, the practical value of each transition
will also depend on its “uniqueness” when applied to complex analyte mixtures. A transition
that is shared by other analytes can lead to significant ambiguity in the subsequent peak
assignment, and is often less valuable than a unique one, as additional, separation-specific
information is then required.

In contrast, the sensitivity of each transition is defined by the relative intensities of the precursor
and fragment ion signals. While the former is a reflection of the physicochemical properties
of the peptide and the ionization conditions, the latter depends on the stability of each bond in
the peptide as well as the amount of energy imparted in the collision-induced dissociation (CID)
step. Consequently, in addition to the four parameters contained in the survey and tandem mass
spectra (m/z and intensity of precursor and fragment ions) available in each LC-MS/MS data
set, two additional “soft” variables are needed to qualitatively and quantitatively describe an
MRM assay: the collision energy that is associated with a given fragment ion intensity, and
the uniqueness of the combination of precursor and fragment ion m/z values in a given sample.
Only the m/z values and the collision energy are specified when the instrument is set up,
however, with the collision energy effecting mostly the sensitivity of a transition, but not
necessarily its specificity. Consequently, the m/z of precursor and fragment ion are the only
parameters that are indispensable to set up and test initial MRM assays, while all other variables
can be evaluated, validated and optimized in later stages, if necessary (Fig. 1).
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Identifying MRM assay-relevant information in GPMDB

In the existing proteomics tools to design MRM transitions [9,20], the four spectrum-related
parameters and the two “soft” variables are predicted based on known information on process-
or sample-related features (protein sequence and abundance, protease characteristics,
physicochemical properties of amino acids, instrument type). To account for commonly
observed deviations from theory, a higher than necessary number of transitions is initially
predicted. These are subsequently tested to identify the most successful MRM assays, which
are then further validated and optimized [26].

In order to test the hypothesis that extracting the relevant information from a spectrum libraries
may represent an efficient shortcut for the design of MRM assays, the largest curated repository
for tandem mass spectrometric data currently available was examined for the availability of
the six previously mentioned variables. Three of the spectrum-based parameters were directly
accessible in GPMDB: the m/z of the precursor ion, and the m/z and relative intensities of its
characteristic fragment ions are stored for every entry in the archive. Conversely, the precursor
ion intensity as the fourth spectrum-based parameter, as well as the two additional variables
(collision energy and uniqueness), was not available.

While the available information would be sufficient to set up preliminary MRM assays for
initial testing, this would only translate into a marginal improvement over the prediction
approach due to the need of extensive evaluation. Alternative ways of defining these variables
in GPMDB were thus investigated. For each precursor ion, the GPMDB only stores retention
time, m/z ratio, peptide mass, charge state, and mass error as experimental information, none
of which were suitable substitutes. Consequently, the recorded number of observations for each
peptide across the entire repository was chosen as potential substitute for the precursor ion
intensity, as this feature is also used for spectral counting in label-free quantitative proteomics
[27]. Similarly, it was concluded that performing a comparative analysis of all database entries
for their potential to produce the same combination of precursor and fragment ion m/z could
be leveraged to determine uniqueness. In contrast, retrieving the optimal collision energy for
a transition proved impossible, as this type of information is not retained in GPMDB. As the
GPMDB defines consensus spectra for each peptide that are further sub-classified based on
their differences in appearance, however, these can be utilized as “MRM patterns” that could
potentially serve as valuable guides. This assumes that the operator and the majority of GPMDB
contributors have optimized their individual instrument setups accordingly, as the relationship
between collision energy and fragment ion intensity is highly dependent on the individual
instrument settings [28].

Design of the MRM Worksheet in GPMDB

Based on these considerations, a design/testing/redesign cycle was employed to construct a
user interface that could be utilized to produce testable MRM transitions based on the
experimental results stored in GPMDB. This showed that there were four discrete sets of
information that were required by the user.

The first set of information was keyed to the sequence and accession number of the protein of
interest. The information was rendered as a summary page of all of the peptides in a particular
protein sequence that were candidates for an MRM assay. Information required on this page
were the peptide sequence, known precursor ion charge states, the number of times each peptide
had been observed, and the frequency of observation for each peptide (given in Fig. 2 as
log10(w), the decadic logarithm of the ratio of the number of observations of a particular peptide
to the number of observations of the most frequently observed peptide for that protein,
meanwhile changed to log;p(w/wg) in GPMDB). Once this information was displayed, it was
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possible for an investigator to narrow their search to a few peptide sequences by inspection of
the display (Fig. 2).

The next set of information was associated with the sequence of a particular peptide. A
summary page containing all of the charge state, protein accession numbers and sequence
modification information available for a particular peptide, as well as tables of fragment ion
masses was sufficient for the user to judge which, if any, of the candidate spectra would contain
transitions with the potential to be useful MRM transitions (Fig. 2).

Each of the potential candidate spectra could then be viewed as line spectrum histograms in a
separate display already available in GPMDB, with the predictable b- and y- ions (as well as
ammonia and water neutral loss ions) marked in color. Another display was designed to show
the transitions from other peptides of the same precursor ion m/z that might cause interference
signals that would impact the limits of detection and quantitation. This display also showed
the interfering peptide sequences, charge states, HPLC relative retention times and the relevant
protein accession numbers, Human Genome Naming Commission gene symbols and protein
descriptions, when this information was available.

Testing the number of observations as substitute of peptide intensity

With this MRM worksheet in GPMDB in place, the impact of the substitutions and assumptions
regarding the missing variables could be evaluated. To investigate whether the recorded
number of peptide observations qualifies as a substitute for precursor ion intensity, several
tryptic peptides originating from vinculin were picked such that they encompassed the entire
scale of numbers of observations for this protein. Vinculin was chosen because it was
consistently reported as the top-ranked protein in a series of previous global proteome analyses
on similar platelet samples that had been carried out in the laboratory (data not shown).
Subsequent MRM experimentation using the most intense fragment ion of each peptide, and
determination of the peak area and signal-to-noise ratio for each of these transitions, provided
a quantitative means of assessing the relationship between the number of observations and
precursor ion intensity (Suppl. Fig. 1). While a noticeable increase in peak area and signal-to-
noise ratio for higher numbers of observation was observed, a definitive correlation between
either of the two parameters and the number of observations could not be established.
Tentatively, a trendline was added to illustrate the increase, although it should be noted that
there is currently no evidence for a linear relationship between these parameters.

Upon detailed inspection of the data points showing the largest deviation, two possible
contributions to this outcome were identified. While some peptides were present in GPMDB
only with one, others had been observed in two or three different charge states. Similarly, some
peptides had been observed in their expected primary sequence only, while others had
additional sequence modifications associated with them. In both cases, the number of
observations contained in GPMDB reflected the net sum across all charge and modification
states, making it impossible to discern the relative contribution of each species. For example,
while the peptide AVAGNISDPGLQK was observed 2080 times, its entry in the MRM
worksheet indicated ten different stored consensus patterns in GPMDB that were linked to 1
+, 2+, and 3+ charge states and glutamine and an asparagine deamidation originating in the
same peptide sequence, but not necessarily the same precursor ion m/z. Independent global
proteome analysis of similar platelet samples had detected this peptide as doubly charged
species in its non-modified and modified form.

Similarly, the peptide VMLVNSMNTVK was observed 991 times in the 2+ charge state, while
the MRM worksheet indicated the existence of eight different stored consensus patterns in

GPMDB, utilized as MRM patterns in the MRM worksheet in GPMDB, that corresponded to
modified species after oxidation of one or two methionine residues, or asparagine deamidation.
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This peptide had also been detected as doubly charged, modified species with one or two
methionine oxidations and deamidated asparagine in the independently performed global
analyses, while a longer version of the peptide due to a missed cleavage of the carboxy-terminal
lysine was also present. Conversely, the non-modified peptide form had not been detected at
all in these untargeted studies.

For a second protein, filamin A, a similar lack in correlation between the recorded number of
observations and peak area or signal-to-noise was observed for a random selection of peptides
(Suppl. Fig. 1). As the detection of multiple forms of a peptide in the same experiment results
in increases in the number of observations while the individual peak area and signal-to-noise
ratio decrease, this will generate data points that move towards the bottom right of the plot
(Suppl. Fig. 1). In order to minimize such deviations, only vinculin- or filamin-derived tryptic
peptides listed in the MRM worksheet as doubly charged species without any modifications
were selected in a second series. Repeating the same data acquisition and processing steps then
allowed reassessment of the relationship between the number of observations and precursor
ion intensity (Fig. 3).

Most notably, a much more significant correlation between the number of observations and
MRM peak areas and signal-to-noise ratios was observed for both proteins when hypothesizing
a linear relationship between the number of observations and peak area/signal-to-noise ratio,
as apparent by the increase in r2-values obtained after linear regression from 0.08/0.10 (peak
area/signal-to-noise ratio) to 0.26/0.23 for vinculin, and from 0.17/0.14 to 0.36/0.26 for filamin
A. The second series of experiments supported the hypothesis that the number of observations
is an adequate substitute for the precursor ion intensity, and underscored the limitations of the
first series. There were still peptides that did not follow this trend, however, as apparent by the
data points that deviate from the tentative trendline assuming a hypothetical linear relationship
between these variables. They might be due to different yields of specific peptides across
laboratories and variations in the ratio of abundances for select peptides originating in the same
protein, which may be caused by differences in purity or activity of the digesting enzyme, the
digestion conditions, or the peptide extraction or isolation protocols. Furthermore, variations
in the experimental setup, such as exclusion of already sequenced peptides and the length of
the exclusion time relative to the average chromatographic peak width, may have contributed
to a non-linear relationship between the number of observations and peak area/signal-to-noise
ratio. All of these possible sources of error cannot currently be evaluated, however, as the
GPMDB does not archive the corresponding MIAPE (Minimum Information About a
Proteomics Experiment) information.

Correlating collision energy with GPMDB consensus patterns

Next, the second variable contributing to the sensitivity of MRM transitions was investigated.
To this end, the MIDAS (MRM-initiated detection and sequencing) workflow was employed,
which performs MRM-triggered MS/MS experiments using collision energy settings that are
calculated by the instrument software based on a linear dependence of the collision energy on
the peptide m/z [9]. The resulting tandem mass spectra were then compared to the consensus
patterns archived in GPMDB. As a representative example, the tandem mass spectrum of the
most often observed peptide from the platelet protein thrombospondin, FVFGTTPEDILR, is
shown in Fig. 4A, and the five consensus spectra in the GPMDB in Fig. 4B—F. While visual
inspection already suggested good agreement between the experimental pattern and those
present in GPMDB, cross-correlation analysis as a more quantitative readout confirmed this
observation. For this peptide, correlation values between 0.755 and 0.893 were obtained,
demonstrating the high similarity between these six spectra. Indeed, the experimental patterns
appeared to be in good agreement with at least one of the consensus spectra for the majority
of examples studied, as correlation values above 0.5 were easily obtainable, with values ranging
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between 0.8 and 0.9 in many cases. This supported the underlying assumption that for the
majority of mass spectrometers employed in proteomic research, the collision energy is
optimized, which ensures good agreement between experimental and consensus spectra
without the need of storing and retrieving this information.

For a more detailed comparison of experimental and archived consensus patterns, three
technical repeats were carried out for three different peptides each of thrombospondin and actin
(Table 1). For each peptide, five MRM transitions were set up that involved the two most
intense unique and the three most intense non-unique fragment ions per peptide. The results
indicated that the experimental fragment ion intensities were highly reproducible in all cases,
excluding variation in the experimental setup as a possible source for the non-perfect
correlation determined above. Moreover, the majority of fragment ions had intensities that
differed by less than 50 % from those of the consensus spectra. In some cases, more significant
deviations were present, e.g. for the y132* fragment ion (m/z 706.4) of the actin peptide
SYELPDGQVITIGNER and the a2 fragment ion (m/z 219.1) of the thrombospondin peptide
FVFGTTPEDILR. This confirmed the general suitability of the GPMDB as a guide for the
design of MRM transitions, but also highlighted its limitations in predicting the precise
intensity distribution of fragment ions beyond a given tolerance.

Assessing the uniqueness of MRM transitions

In order to determine whether the truthful prediction of unique transitions based on the data
stored in GPMDB is possible, the MRM worksheet was set up so it could highlight transitions
predicted to be unique within a given mass window for each peptide. For a significant number
of peptides, two such predicted unique transitions were monitored together with three non-
unique ones, and their MRM traces were analyzed for the peak areas of the designed transition
as well as any additional ones that would be present (Suppl. Table 1). While in several cases
unique transitions indeed resulted in a single peak in the MRM trace, those were restricted to
transitions involving high intensity fragment ions, as seen in the example of the
thrombospondin peptide FVFGTTPEDILR (Fig. 5A). Conversely, predicted unique transitions
based on fragment ions associated with low intensity, or originating in secondary
fragmentation, were typically linked to lower signal-to-noise ratios as well as additional signals
in the MRM trace. Examples for this observation are the thrombospondin peptides
GGVNDNFQGVLQNVR (Fig. 5B) and LCNNPTPQFGGK (Fig. 5C), for which the two most
intense unique fragment ions were predicted to be b11-H,0 and b9-H,0, and b4-NH3 and b6-
NHj3, respectively (Suppl. Table 1). Overall, the relative intensity of the fragment ion fared
significantly better as an indicator for the quality of a transition than the predicted uniqueness
in these studies, as exemplified by the remaining MRM traces of these two peptides.

Predicting MRM transitions of isotope-labeled peptides

A final series of experiments involving various quantitative proteomics approaches was
performed to test the usefulness of the new MRM worksheet for the design of MRM assays
that involve the relative or absolute quantitation of the analyte. Standard dilution series
experiments indicated that label-free quantitation based on the ratio of MRM peak areas of the
analyte relative to internal standards was sufficient to estimate the relative protein abundance
across samples (data not shown). Additional independent experiments suggested that metabolic
or chemical labeling via incorporation of stable isotope coded amino acids into proteins
(SILAC) or synthetic peptides (AQUA) would not lead to noticeable fragmentation pattern
changes.

Conversely, chemical labeling via the addition of different isotope-coded functional groups to
peptides could have a profound effect on the appearance of tandem mass spectra. While the
chemistry of amine-reactive compounds such as the iTRAQ or mTRAQ reagents allows for

J Proteomics. Author manuscript; available in PMC 2010 July 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Walsh et al.

Page 10

an easy adjustment of the m/z values of the precursor and fragment ions based on the known
number of reactive sites each peptide contains, their impact on the fragmentation patterns and
the fragment ion intensities is less predictable as they alter the distribution of basic moieties
in the peptides [29]. To determine whether the MRM worksheet in GPMDB can also be utilized
for the design of MRM transitions of iTRAQ-labeled peptides, tryptic digests of platelet lysates
were reacted with the iTRAQ reagent 115. The results of the MRM assays carried out before
labeling were then compared to those obtained after iTRAQ labeling and correction of the m/
z and collision energy values used in the MRM transitions, calculated based on the mass shifts
imparted by the incorporation of the iTRAQ reagent and the resulting increase in peptide mass
and precursor ion m/z, respectively. Changes in the relative peak areas of the different MRM
transitions were commonly seen despite the adjustment of the collision energy upon iTRAQ
labeling, as evident for the actin peptide AGFAGDDAPR (Fig. 6). No significant loss in
specificity due to iTRAQ labeling and transition adjustment was noticed, however. This implies
that the changes resulted in altered fragment ion intensities without significantly affecting the
overall fragment ion formation, albeit some doubly-charged fragment ions disappeared (Suppl.
Table 2). Indeed, the changes in sensitivity correlated well with the altered fragment ion
intensities seen in the individual tandem mass spectra upon labeling, as the iTRAQ label
commonly enhanced the signal intensities of b-ion series without significantly affecting the y-
ion series (Fig. 6). While this demonstrated the general usefulness of the MRM worksheet in
GPMDB also for quantitative proteomics applications involving iTRAQ chemistry, it
highlighted the need to adjust the GPMDB-based MRM transitions already in the initial
evaluation step, rather than during subsequent validation and optimization.

Discussion

The targeted analysis of individual proteins, often after an initial discovery phase, is a key step
in proteomics. MRM assays are particularly useful as they provide the high sensitivity,
specificity, and throughput that is necessary to carry out large numbers of experiments. The
new MRM worksheet within the GPMDB framework represents a universal interface for the
design of targeted MRM studies. As it is based on communal evidence rather than theoretical
predictions or previously performed own experiments, it can provide an efficient shortcut to
the design of MRM assays for tryptic peptides of human proteins, as demonstrated here.

Initial assessment showed that three of the six variables needed to define an MRM assay are
readily accessible in GPMDB. Conversely, the precursor ion intensity and the collision energy
associated with a given fragment ion intensity are not available. In fact, retaining this type of
information in GPMDB would significantly impair its performance. Recording the absolute
precursor ion intensity would require archiving all survey mass spectra of each experiment,
thus creating dramatically larger data sets. At the same time, the comparative value of such
information would be limited. Indeed, the well-known limited reproducibility of LC-MS
experiments even for technical replicates on the same platform has spurred the development
of computational solutions to compensate for them, including for MRM assays [30]. Across
platforms, laboratories, and samples, the differences would be heightened further and far
outweigh the potential similarities of patterns. Consequently, the GPMDB intentionally only
archives the minimum amount of LC-MS information linked with each tandem mass spectrum:
the relative position in the chromatogram (spectrum number), the precursor ion m/z, and the
deduced charge state, peptide mass, and mass error upon peptide sequence assignment.

Similarly, the collision energy used to generate a tandem mass spectrum can vary dramatically
across platforms and laboratories. In addition, other instrumental and experimental variables

such as collision gas density and purity or the total number of ions contained in the collision

cell can have a significant influence on the resulting fragmentation patterns. As keeping track
of all of these variables would be an insurmountable task, the GPMDB has taken a
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reductionistic approach by archiving only the most significant features of each tandem mass
spectrum: a maximum of 50 most intense signals present with at least 1 % of the base peak
intensity. These are then grouped into consensus spectra based on their similarities. While this
implies that ultimately the onus is on the experimenter to ensure optimal fragmentation in the
respective individual analyses submitted to the GPMDB, the impact of individual suboptimal
data is minimized by an averaging effect when a large number of laboratories contribute.
Indeed, the more often a particular peptide is observed, the more likely a statistical assignment
to a consensus pattern or the recognition of a different, not previously observed pattern
becomes. This is directly reflected in the number of consensus/MRM patterns stored for each
peptide sequence in GPMDB.

The absence of records on the precursor ion intensity and the collision energy associated with
a given fragment ion intensity in GPMDB translates into the potential loss of sensitivity for
individual MRM assays. As the validation and optimization of experimental conditions is a
common step in MRM applications to maximize their sensitivity, having adequate substitutes
to estimate precursor ion intensity and collision energy will be sufficient to test and evaluate
the initial setup. As demonstrated here, the number of observations and the recorded consensus
spectra are such substitutes. Replacing the precursor ion intensity in individual experiments
with the total number of observations across all experiments enables the prediction of MRM
transitions likely to result in high peak areas and signal-to-noise ratios. In this study, no
significant difference was observed between peak area and signal-to-noise ratio. Exceptions
from the general trend do still exist, which needs to be taken into account when setting up the
initial MRM screens.

Similarly, careful optimization of the collision energy on the instrument chosen for the MRM
assays is sufficient to facilitate the use of the consensus patterns stored in GPMDB to predict
fragment ion intensities. This also suggests that these archived patterns are indeed compiled
from individual spectra that were obtained at optimized collision energy settings. However,
caution is necessary when working with peptides that have been observed as a number of
species, be they due to the presence of post-translational modifications, different charge states,
or different consensus spectra. As the number of observations is cumulative across all species
and experimental patterns, individual intensities can deviate significantly from the general
trend in such cases. Strikingly, the results presented here provide experimental proof for some
of the “common sense” rules that have been reported for the design of MRM transitions [9,
26]. These include, for example, avoiding peptides that contain potential modification sites,
are prone to missed cleavages, or produce several charge states, unless one decides to monitor
all of these species instead. The MRM worksheet lists the charge state(s) and number of MRM
patterns underlying the total number of observations. These can be utilized as a guide to identify
such cases based on experimental evidence rather than theoretical considerations. It is
important to bear in mind, however, that successfully setting up the initial MRM experiments
does not eliminate the need for subsequent validation and optimization, as significant
deviations from the information contained in the GPMDB indeed occur.

The sixth variable that is relevant for the design of MRM assays, the “uniqueness” of a
transition, is associated with the identification of additional precursor ion/fragment ion
combinations that could interfere with the detection of a given peptide. It is key to the specificity
of the detection, the confidence in the assignment, and the throughput that can be achieved in
a single experiment. Indeed, monitoring a single unique transition per peptide would allow
increasing the total number of peptides studied in asingle LC-MS experiment without changing
the individual or overall dwell time or sacrificing confidence. The GPM database is a
tremendous resource for the identification of real rather than predicted interferences, as it holds
a vast array of experimental observations. For each peptide, it highlights the fragment ions that
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result in an MRM transition that has not been observed for any other peptide. Still, relying on
predicted unique transitions had only limited success for the test samples.

Two possible factors may have led to this outcome. Any information that is not stored in
GPMDB is not considered for the prediction of uniqueness. Peptides that have not been
sequenced before, e.g. due to low intensity or the presence of uncommon modifications, and
all peptides that result in non-assignable fragment mass spectra are absent from GPMDB.
Moreover, the rate of failed assignment is highly dependent on the instrument type, and varies
between 20 % and 85 % of the submitted tandem mass spectra. Similarly, the m/z of low
intensity fragment ions may not be retained, as the GPMDB only stores the 50 most intense
signals in each tandem mass spectrum, provided they show at least 1 % of the base peak
intensity. As a result, the information underlying the prediction of uniqueness could indeed be
biased towards standard experimental features. In contrast, individual experiments that use
conditions deviating from those typically used in the field may result in a different proteome
composition that would limit the success of this prediction. Choosing samples derived from
platelets, which are anucleate cell fragments, may have contributed to the limited success of
the “uniqueness” feature in this study.

Secondly, the sensitivity of the detection may also play a role. The peak area obtained in MRM
assays is a function of the precursor and fragment ion intensities as well as the applied collision
energy. In the course of this study, it was noticed that unique transitions are often associated
with less common fragment ions, e.g. multiply charged fragment ions, secondary or internal
fragment ions (see Suppl. Table 1 and Fig. 5), or even signals that could not easily be assigned
to the peptide sequence. In the majority of cases, these are present in the tandem mass spectrum
with relative intensities below 20% of the base peak, reducing the peak area and sensitivity
compared to MRM transitions relying on intense fragment ions in non-unique combinations.
For abundant peptides, such a loss in sensitivity is often tolerable. For less abundant peptides,
however, the lower precursor ion intensity reduces the MRM sensitivity and increases the
potential of failed detection in complex mixtures. In these cases, it may be more appropriate
to rely on several non-unique but intense transitions to overcome limited sensitivity of unique
transitions, at the expense of reducing the number of peptides that can be monitored per
experiment. As this currently is common practice for MRM experimentation, the “uniqueness”
prediction provides an additional feature that is not otherwise available. The MRM worksheet
is designed to provide the maximum amount of information to support the user in making
decisions. A link “Details” has been added to display specific information of potentially
interfering peptides, including relative fragment ion intensity and estimated retention time
difference. While these additional features can provide valuable support, it is ultimately at each
user’s discretion to define their own priorities and when testing and optimizing their
experimental setup. In this respect, utilizing the LC retention time is particularly promising.
As this parameter is highly dependent upon, and will vary significantly with, the HPLC system
and setup that is used, its detailed investigation was beyond the scope of this study, however.

Finally, the ease and robustness of the prediction of MRM transitions of iTRAQ-labeled
peptides underscores the practical value of this MRM prediction tool. As only a limited number
of reference spectra exist for this type of sample, GPMDB cannot currently support the direct
prediction of suitable transitions. Straightforward adjustment of the m/z values of the precursor
and fragment ion and the collision energy was shown to be sufficient to correct for the
experimental change to a large extent, albeit the absolute fragment ion intensities did no longer
match those recorded in the GPMDB. Optimization of the most successful MRM transitions,
generally carried out once preliminary MRM assays have been tested, would easily compensate
for such changes, if necessary. The MRM worksheet of GPMDB therefore also represents a
powerful tool for the initial selection of candidate MRM transitions in quantitative proteomics.
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It should be noted that this proof-of-concept study was performed on tryptic peptides derived
from human proteins. They represent the largest contingent of tandem mass spectra in the
GPMDB, and are readily accessible by searching the GPMDB for the protein name or its
accession number in the user interface. As the data volumes involving other organisms rapidly
expand, the design of MRM assays for additional organisms based on GPMDB may well be
feasible. Researchers may query GPMDB or contact the authors for more detailed information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic outlining the data repository-driven approach for design of MRM transitions

for targeted proteomics experiments

The Global Proteome Machine Database (GPMDB) is the largest curated repository for peptide
tandem mass spectra, which are generated by laboratories across the world, often using global
proteomic approaches, and submitted for analysis using the X! Series search engines. A novel
MRM worksheet was designed using the human data in the GPMDB and its utility as a tool
for the design of MRM transitions was assessed experimentally. MRM experiments are
conducted using a triple quadrupole-type instrument in which the first and third quadrupole
are set up to only select ions with predetermined m/z ratios while excluding all others. Certain
key pieces of information are required in order to successfully design specific and sensitive
MRM transitions, including the m/z ratio and intensity of both the precursor and fragment ions,
the collision energy and the “uniqueness” of the transition.
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Figure 2. The GPMDB MRM worksheet

Screen shots from the newly-developed worksheet for the design of MRM transitions at the
http://gpmdb.thegpm.org. A. shows the MRM worksheet for the protein thrombospondin-1
(THBS1, swissprot accession number P07996), listing the peptide sequence, charge state the
peptide has been observed in, the number of consensus spectra available for each peptide
sequence across all charge states, sequence modifications, and instrument types (denoted as
“MRMSs” in the worksheet to appropriately reflect its use), the number of observations of the
peptide in the database and the frequency of observation (log10(w)). B. shows in detail the
summary page displaying the 5 sets of MRMs predicted for the most observed
thrombospondin-1 peptide (FVFGTTPEDILR), based on its 5 consensus spectra. The peptide
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sequence and occurring post-translational modification sites (indicated by the blue background
and display of the associated mass shift when locating the mouse pointer on this position), m/
z ratio, charge state and number of observations in the GPMDB of the precursor ion are listed,
as well as the m/z ratio and relative intensities of the fragment ions. Unique transitions are
highlighted in green. Note that the information in these screen shots was current as of 28!
August 2008, but as the GPMDB is a dynamic, living database, certain information, such as
the number of observations of a peptide, are likely to change with time as the database grows.
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Figure 3. Peptide selection criteria affecting the usefulness of the number of observations in the
GPMDB as an estimate of peptide abundance

Scatter plots showing the number of peptide observations cited in the GPMDB vs the
experimentally observed peak area (cps, left axis, black diamonds) and signal to noise ratio of
the peaks (S/N, right axis, grey squares). Data shown is from GPM-predicted MRM transitions
from 10 peptides from A. Vinculin (swissprot accession number P18206) and 16 peptides from
B. Filamin A (swissprot accession number P21333), chosen as they had only been observed
as doubly-charged species with no modifications in the GPMDB. While not all peptides
followed the trend, in general an increased number of observations in the GPM correlated with
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higher peak areas and signal-to-noise ratios. Data is the mean of 3 replicate experiments + or
-SD
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Figure 4. Correlation of collision energy and stored peptide consensus spectra
MIDAS, which performs MRM-triggered MS/MS experiments based on previously optimized
collision energy conditions, was conducted with the thrombospondin-1 peptide

FVFGTTPEDILR to determine the correlation between collision energy and stored peptide

fragmentation patterns. A. shows the fragment ion mass spectra experimentally acquired,
which was compared with the average fragmentation patterns archived in the GPM (B-F).
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Figure 5. Assessment of the importance of the uniqueness of the transition when designing MRM
experiments
Two unique transitions together with three non-unique transitions were examined for a number

of peptides from B-actin and thrombospondin-1 (see table 2 for a complete list). Shown are
representative MRM tracings from three scenarios that were observed. A. shows MRM traces
from peptide FVFGTTPEDILR, (thrombospondin-1) showing high intensity, specific signals
for both unique and nonunique transitions. In contrast, B. shows MRM traces from the peptide
GGVNDNFQGVLQNVR (thrombospondin-1) showing that the 2 transitions predicted to be
unique did not prove to be useful as they were of much lower intensity then the nonunique
peptides. Finally, C. shows MRM traces from the peptide LCNNPTPQFGGK,
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(thrombospondin-1) showing again that the unique transitions proved to be misleading as they
resulted in low intensity signals and the presence of secondary fragment ions, while the
transitions predicted to be non-unique proved to have higher intensity signals with less
interference.
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Figure 6. Design of MRM transitions using iTRAQ-labeled samples

Figure 6A shows MRM traces for the ion pairs as selected from the GPM. All five ion pairs
chosen show enough intensity for positive identification of the desired peptide, in this case
AGFAGDDAPR from B-actin. Figure 6B shows the MRM traces for the same ion pairs for the
same B-actin peptide labeled with iTRAQ. The relative position of the intense ions pairs has
changed compared to the non-labeled ion pairs, but overall intensities remain strong to give
positive identification of the desired labeled peptide. Figure 6C and D are a comparison of MS/
MS spectra of non-labeled and iTRAQ-labeled AGFAGDDAPR from B-actin. Figure 6C
shows the MS/MS spectrum of non iTRAQ-labelled peptide AGFAGDDAPR from B-actin
and figure 6D shows the MS/MS spectrum of the same peptide labelled with iTRAQ. The y-
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fragment ions from 1 to 9 are present in both the non-labelled and labelled spectra with different

relative intensities to each other. The b-fragment ions gain more intensity and their presence
is easier to detect with the iTRAQ labelled peptide.
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