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Abstract
Peptidomics is the identification and study of the in vivo biologically active peptide profile. A
combination of high performance liquid chromatography, mass spectrometry, and bioinformatics
tools such as database search engines are commonly used to perform the analysis. We report a
methodology based on a database system holding the completed translated genome, whereby de
novo sequencing and genome-wide database searching are combined. The methodology was applied
to the sea urchin neuropeptidome resulting in a 30 percent increase in identification rate.
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Introduction
Peptidomics is the identification and study of the in vivo biologically active peptide profile at
a certain time in a certain tissue or cell type 1-3. A combination of liquid chromatography, mass
spectrometry, and bioinformatics tools such as database search engines are commonly used to
perform the analysis. Ancillary methodologies have been introduced to optimize database-
aided identification. The sequence collections can be improved by limiting them to a set of
known peptide precursors which better mimic the peptidome rather than the much larger
proteome 4,5. Compiling such subsets is generally achieved by gathering known or orthologous
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peptide precursors, checking for motif matches 6, and precursor predictions by means of other
characteristics such as cleavage site 7 and signal peptide patterns 8.

Nonetheless most analyses still suffer from high failure rates in their attempts to identify mass
spectra. Common reasons are the presence of spectra arising from non-peptidic contaminants
or concurrent fragmentation of multiple different precursor ions; these problems are impossible
to tackle in the analysis step. However, other frequently encountered hurdles can be dealt with,
for example: absence of sequences in the database due to genes overlooked by gene prediction
algorithms, splice isoforms, and peptides from coding small open reading frames 9,10;
furthermore deficiencies in the scoring scheme used to quantify the degree of similarity
between the experimental spectrum and those predicted for database peptides, and finally post-
translational modifications.

In this work, we present a peptidomics methodology which tries to handle most of the
shortcomings mentioned. For this purpose we designed a database system (IggyPep: Indexed
Genomes Gracefully Yield Peptide IDs) with advanced indexing and querying strategy, which
holds the translated genome in all six reading frames. The system can be queried with full
length de novo sequences or partial peptide sequence tags (PSTs). In contrast to other
techniques which use de novo derived sequences for database filtration 11-14 or homology-
based searches 15-17, our solution directly scans the translated genome (the complete query
space for an organism). Two strategies can be followed using this system. On the one hand, a
custom database can be created on the fly, based on all open reading frames encompassing
reasonably clustered chromosome locations to which automatically derived PSTs map
according to IggyPep. In this manner we try to overcome the incompleteness of the query search
space typical of more general low-size search engine databases. Furthermore, database hits
with an individual peptide score lower than the threshold can be “rescued” thanks to PST
overlap and other criteria, thereby circumventing deficiencies in the search engine's scoring
scheme. On the other hand, unassigned good quality spectra can be skimmed 11,18,19, followed
by manual or automatic de novo sequencing 20,21 and indexed genome querying with IggyPep.
In order to do so, we created a web interface (www.iggypep.org) allowing low-throughput
genome querying with derived de novo sequences as input.

We chose to apply our methodology to the sea urchin neuropeptidome for validation, since
knowledge of neuropeptides from the phylum Echinodermata (of which the sea urchin is a
member) is severely limited yet of evolutionary interest as man and sea urchin share a relatively
recent common ancestor. The latter lived over 540 million years ago and gave rise to the
deuterostomes. All deuterostomes (including sea urchin, man, and all other vertebrates) are
more closely related to each other than they are to any other animal not included in the
superphylum. As a consequence, among sequenced genomes those of fruit flies and worms
appear to be evolutionarily more distant from the sea urchin genome than does the human
genome, notwithstanding the seemingly (when looking at morphologies) very low resemblance
between man and echinoderms.

Materials and methods
Sample preparation

Adult purple sea urchins (Strongylocentrotus purpuratus) were kindly provided by Charles
Hollahan, Santa Barbara Marine Biologicals. The animals were dissected and the radial nerve
tissue was isolated. Neuropeptide extraction was performed in acidified acetone or acidified
acetonitrile. Organic solvents used during extraction were removed by vacuum drying. The
peptides were then resuspended in 9:1 water:acetonitrile solution. In order to remove large
proteins, the resuspended peptides were passed through a 10 kDa cutoff filter. The samples
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were then cleaned using Pepmap spin filter columns, making them ready for MS analysis. For
detailed description see supporting information.

Mass spectrometry
The samples were directly analyzed using either an online Capillary LC device connected to
a MicroMass ESI-Qtof Mass Spectrometer or, alternatively, fractions were spotted for MALDI-
TOF-TOF-MS (Bruker Ultraflex II, Bruker Daltonics, Germany). For detailed description see
supporting information.

Peptide characterization
Mass spectra were analyzed using the Mascot search engine (Matrix Science, U.K.) with mass
tolerance set to 0.6 Da for peptides and 0.3 Da for fragments in MALDI-MS data. For ESI-
Qtof spectrum analysis this was 0.1 Da and 0.1 Da, respectively. All spectra were searched
with the following variable post-translational modifications: N-terminal pyroglutamic acid of
glutamine and C-terminal amidation. No cleavage enzyme for protein digestion was chosen.
A protein search database was downloaded from NCBI (http://www.ncbi.nlm.nih.gov)
containing all sea urchin proteins (search criterium txid7668 [Organism:noexp]), resulting in
44039 proteins.

PepNovo v3 (Build 20080724) determined de novo sequences and PSTs as input for IggyPep's
batch query mode (see further). The following PepNovo arguments were used: CID_IT_TRYP
as probabilistic model, the peptide and fragment mass tolerances described above, no digestion
enzyme, no spectrum charge correction, and a PST length of 5 amino acids with a quality cut-
off of 0.1. Benchmark experiments indicate that for typical ESI-Qtof runs a threshold of 0.1
removes approximately 40% of the spectra, without a serious loss of identifications: less than
0.5% of the identifiable spectra appear to be lost.

MS-Filter 11 and spectrumQuality 18 were used to assess spectrum quality and detect
unassigned high quality spectra to be marked for further detailed analysis.

Indexed genome database (IggyPep) overview
The latest assembly of the sea urchin genome was used to build the system (version 2.1;
http://www.hgsc.bcm.tmc.edu/projects/seaurchin/). The genomic sequence was translated in
all six reading frames and cut up into three amino acid (AA) sized pieces by means of custom
PERL scripts (available on request). This allows us to query genomic data with amino acid
tags of length three and onwards, ensuring that less accurate mass spectra resulting in shorter
reliable de novo tags can be queried. On the other hand, very accurate mass spectrometers such
as FT-ICR generally yield longer correct sequence tags (4 or more AA), as opposed to Qtof,
but long tags can be queried by combining two or more short tags, whether or not with a partial
overlap. Genomic sequences were not pre-processed to warrant that no query results are missed,
since we focus on possible novelties like splice-isoforms or peptides from coding small open
reading frames (sORFs) 9,10.

Chopping up the genomic sequence in such a way and storing it in a table blows up the table
size to approximately six billion records per genome, which normally leads to very poor query
performance. A state-of-the-art relational database system (Oracle 10gR2) is used to house
these cut-up genomic data. Current database technologies allow us to dramatically increase
query performance on tables with such immense numbers of tuples (database rows). Table
partitioning and compression, B-tree indexing, and query hints – techniques very often used
in data warehouse environments – helped to optimize processing speed in our setup (see Figure
1).
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Our system uses a complete indexation strategy for every amino acid of the six reading frame
translations. This contrasts with e.g. the protein BLAT server 22 which covers the non-
overlapping 4-mers while excluding repetitive regions. In practice the protein BLAT server
will find sequences of 18 or more amino acids long, whereas IggyPep will pinpoint sequences
as short as three amino acids. Furthermore, any combination of PSTs can be queried provided
that the user includes information on 1) the position relative to another PST and/or 2) the search
window size. A sequence search is actually translated into a database SQL query. This complete
indexing strategy, allowing overlapping tags, delivers higher sensitivity at the cost of speed
which is nevertheless desirable for our application. The system has therefore been configured
to attain an optimal balance between sensitivity and searching speed, so that on average a query
returns its results within 0.5-2 second(s).

Although other string indexing methods exist to search for (non-)exact matching 23, we used
a database system for several reasons. Firstly, despite the disk-based suffix tree technique
having been scaled up for indexing complete genomes 24,25, it is not yet adapted for the
translated genome: expanding the alphabet from four letters (nucleotides, untranslated) to
roughly twenty (AA, translated codons) still caused practical issues. Secondly, within the
database system it is comparatively easier to perform breakdown queries, e.g. when up to five
PSTs together with their relative position or a search window need to be mapped.

Batch query versus detail query mode
In this study, IggyPep was applied both in batch query and detail query mode. The idea of the
former is to batch process all mass spectra, reducing manual interaction. The method can be
subdivided into the following steps: 1) run a de novo algorithm (in our case pepNovo v3 build
20080724) on the mass spectra, resulting in a set of reliable sequence tags for each spectrum;
2) pinpoint all possible genome locations matching these sequence tags; 3) determine the open
reading frame amino acid sequences comprising these tags, e.g. by applying the EMBOSS
getorf program 26; 4) compile a FASTA-formatted sequence file for database engine search.
The main goal of this approach is to construct a custom sequence database, based on de novo
sequences derived from the spectra that can be used as a “complete” search database in
database-driven methods. Our objective is to work out a publicly available solution integrating
several types of de novo sequencing tools with IggyPep. For the moment our focus is on
integration with pepNovo 11,27,28. Although IggyPep's batch mode is not yet publicly available,
custom databases can already be compiled on demand with PepNovo results as input.

For the detail query mode a web interface has been built to run searches with manually or in
silico derived de novo sequences. Two query options are available. The first accepts full de
novo sequences. Herewith two wildcards are allowed: “X” can be used for an unknown amino
acid, “?” stands for a gap of unknown length. The second option (breakdown input) accepts
multiple PSTs (up to five tags of three AA) to build the query. In addition this requires either
the position relative to another tag or a search window size. In the latter case, an extra option
handling frame shifts (e.g. due to introns) is also available.

The query results are shown in a tabular fashion, with hyperlinks to the existing genome
browsers: GBrowse, Ensembl, UCSC, and NCBI 29-32. Furthermore it is possible to download
the results as a comma-separated values file (CSV) or as a FASTA file holding all open reading
frames (obtained by the EMBOSS getorf program) overarching the resulting chromosome
positions and query sequence (see Supplemental Data 6).

The detail query mode web interface can be used as a cross-validation tool for peptides
identified in a database-driven search. More interestingly, new peptides corresponding to
unpredicted genes or unanticipated alternative splice forms can be identified using full length
de novo sequences or multiple partial PSTs.
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Results and discussion
In the present report, we describe a methodology to detect and identify endogenous peptides
by means of a hybrid de novo genome-wide database search (batch query mode), followed by
further analysis of the remaining unassigned high quality spectra (detailed query mode). The
methodology was coined IggyPep, and was validated by two mass spectrometry data sets from
a sea urchin nervous system. All identified peptides are listed in Table 1. For comparison, a
Mascot search against the complete sea urchin NCBI protein database was conducted with both
the Maldi TOF-TOF and ESI-Qtof mass spectra, revealing 34 unique neuropeptides cleaved
from 11 different precursor proteins. IggyPep was able to confirm respectively 30 and 8 of
these neuropeptides and precursor proteins, but in addition 15 new neuropeptides from 6
different prohormones were identified (Figure 2), some of which were predicted for the first
time.

The Mascot searches against the protein databases had false discovery rates below 5% (as
compared with the built-in decoy database search). The peptide threshold score suggested by
the search engine served as a first verification step to evaluate the search result, which showed
35 identifications. Several other peptides had a below-threshold score but were nevertheless
retained (14 cases, see Figure 2). Such a “rescue” operation is useful and even advisable in the
field of peptidomics, where peptides usually are not produced by strict enzyme rules, causing
the Mascot-suggested threshold to be typically but undesirably much higher than in proteomics
33. Only below-threshold peptides with typical bio-active hallmarks were picked for this
operation: 1) they must show basic cleavage site patterns 34-36, 2) their precursors must have
an N-terminal signal peptide 8. The “rescue” operation itself becomes successful if several
extra criteria are met: 1) a de novo derived tag coincides with the Mascot sequence, 2) the
precursor protein comes with an above threshold score, 3) the Δmass between experimental
and theoretical parent ion is within limits, 4) the error distributions of the Δmass between
experimental and theoretical fragment ions are manually inspected, as is done for 5) the
fragmentation patterns. A table listing these characteristics for all “rescued” peptides is
provided as Supplemental Data 5. One could still argue the validity of certain below-threshold
peptide identifications, but it was decided to retain the aforementioned 14 peptides, on the
grounds that they all show typical neuropeptide hallmarks and meet several other quality
criteria. It is our belief that neuropeptide prediction programs 34-36 would definitely pick up
these “rescued” peptides and that they show enough identification evidence.

The threshold score for identification (p<0.05) in the Mascot searches against the compiled
ORF databases (from both types of MS data) was higher than that against the sea urchin protein
database due to the size difference of the databases (respectively around 1,183,000 and 44,000
sequences), which led to a higher false negative score 4. Again, some of the below-threshold
peptides with typical bio-active hallmarks were investigated and “rescued” if quality criteria
as outlined above were met.

Almost 90% of the peptides identified with the standard protein database-driven search were
found back with IggyPep, four identifications were missed. This can be attributed to
characteristics of the de novo algorithm. In this case PepNovo (version 3) uses a probabilistic
model learned from a training data set. Several parameters influence this model and its outcome
as reflected by the derived de novo tags. To begin with, although it is possible to specify “no
cleavage enzyme” as an input parameter while running PepNovo, the applied model does
assume tryptically cleaved peptides are in effect. Secondly, the training data was produced by
an LTQ (Linear Trap Quadrupole), a different instrument than the ones used in this study.
Training a model with bio-active peptide fragmentation data (which would be ideal) is
unfortunately very hard since bio-active peptide MS/MS datasets are very small as compared
to proteomics data sets. Another way to improve the hit rate with IggyPep could be to
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incorporate peptide sequence tags obtained from an extra de novo algorithm such as for example
Peaks 20. Comparing the outcome of four different de novo peptide sequencing algorithms
showed remarkable differences among the result sets 28. Combining multiple de novo
algorithms would give a more comprehensive set of peptide sequence tags for querying a
genome with IggyPep.

High quality spectra that remained unidentified were scrutinized in more detail. Figure 4 shows
the spectra which resulted in extra peptide identifications upon manual de novo sequencing
combined with indexed genome searching by IggyPep. From the first spectrum the peptide
sequence tag LxYDALx was distilled from the y-ions series. Additionally, the tag AQV was
obtained from the high mass b-ion peaks, as confirmed by the corresponding y-ions. Querying
the sea urchin indexed genome with this tag pair yielded exactly one chromosome location.
By contrast, the tag LxPANLxA derived from the second spectrum yielded 200 plausible loci;
these were brought together in a custom database and crosschecked with a Mascot search. The
latter reliably identified the peptide LPANLARE. In spectrum three, the tag YEEPLxR was
obtained from the high mass y-ion peaks. When fed to the IggyPep system this tag proved to
be embedded in seven different loci, narrowing down the flanking amino acid possibilities to
Lys, Thr, Gln, Arg, and His. The de novo readout from the b-ion peaks showed a mass peak
enabling us to further lengthen the derived tag with a glutamine residue. A nearly complete de
novo sequence, TLxPTKETLxEQEK, could be obtained from the last spectrum. No
corresponding loci were discovered when querying this tag, implying either an error in the de
novo sequence or the occurrence of a splice site. Since our system uses raw translated genomic
sequence, it is incapable of mapping cross splice site tags. Further refinement of the query by
consecutively adding one amino acid and using the window query option resulted in successful
pinpointing of the peptide to the thymosin beta gene (see table 1).

The gene prediction program, Fgenesh++ (www.softberry.com), was applied to the genomic
sequences corresponding to the newly identified peptides. The softberry gene finding software
has a model trained for the sea urchin. The predicted genes were checked for prohormone
features (basic cleavage patterns, signal peptide) and expression evidence (tblastn against
NCBI EST database). Annotated precursor sequences can be found in Supplemental Data 1.

The compilation of the custom databases for the 530 Maldi-TOF-TOF and 895 ESI-Qtof
spectra took approximately 4 hours, which makes this methodology suitable for looking into
smaller mass spectrometry data sets. Pinpointing good quality unassigned mass spectra beyond
traditional database approaches, or performing detailed small-scale searches in peptidomics
studies, are but two examples of problems for which the IggyPep methodology is very well
suited, i.e. whenever the focus lies on the completeness of the search rather than its
performance. For this study PepNovo tags with length 5 were used to build the custom
databases within the batch query mode. Other peptide sequence lengths were tested, but length
5 proved to be optimal at warranting high identification rates and acceptable database size.
Note that shorter tags with length 4 map to many more chromosome locations, producing a
database of unmanageable size. The 30 best ranked tags (as determined by PepNovo rank score)
were kept and further completed with their reverse complements. PepNovo uses the spectrum
graph method to derive PSTs, making it likely that both a correct tag and its mirror are predicted.
The mirror tag is the tag obtained when the roles of the b and y-ions are reversed 27. The
resulting tags (12994 for Maldi TOF-TOF and 9521 for ESI-Qtof MS/MS) were automatically
submitted to the IggyPep batch module, followed by open reading frame sequence retrieval by
means of the getorf EMBOSS program.

This paper reports significant increase in peptide identification rate as compared to routinely
executed analysis; furthermore it also partly validates the results of a recent neuropeptidomics
analysis of the sea urchin 37. Herein both database searches and elaborate manual de novo
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sequencing on experimental mass spectrometry data as well as sequence similarity searches
and motif searches based on orthologous sequences has been performed.

Conclusions
The results from this study clearly prove that for MS identification in peptidomics studies,
common database search strategies are readily outperformed by our new strategy which
unveiled 15 extra neuropeptides from six extra precursors. The specific gain of the approach
lies in compiling a complete genome-wide search space rather than working with a database
of limited size. As a consequence, new unannotated genes (for instance short peptides or splice
isoforms) can be discovered. Detailed queries via the web interface using unassigned high
quality spectra derived tags further increase the identification rate.

In the light of the imminent emergence and spread of alternative de novo partial sequencing
techniques for peptides and proteins, we believe that the development of the underlying
software tool IggyPep is timely and worthwhile to be continued. At present no batch module
is publicly available to process larger-scale analyses. Our objective is to work out a solution
integrating several types of de novo sequencing tools with IggyPep. Compiling custom
databases based on PepNovo output is already available on request. The IggyPep tool can be
accessed at www.iggypep.org and can be used for detailed queries consisting of short amino
acid stretches or combinations thereof which may either entail new identifications or validate
existing ones. Indexed genomes other than that of sea urchin are also being made available:
mouse, man, roundworm, honey bee, parasitoid wasp, and red flour beetle.

In the future a solution will be worked out to avoid the time-consuming final database search
step. As for now, this step is still indispensable in the identification process, all the more since
a very wide database search space is being compiled upon de novo tag derivation. Further
integration of spectrum analysis and the indexed genome search should lead to less spurious
chromosome locations, ultimately consolidating into one or only a few possible peptide results.
More accurate mass spectra from Fourier Transform Ion Cyclotron Resonance (FT-ICR) and
Orbitrap analysis will undoubtedly facilitate taking this hurdle.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Simplified schematic overview of the IggyPep system: building its components (right), how it
interacts with peptide sequence tags (PSTs) as input (top left), and the information contained
in the output (bottom left). When one or more plausible loci are found to match with the PST
input, these can be brought together on the fly in a small, FASTA-formatted, custom database
for crosschecking with database-driven methods.
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Figure 2.
Venn diagram depicting the number of neuropeptides identified by the different methods.
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Figure 3.
MS spectra identified after manual de novo sequencing in combination with detailed indexed
genome querying using the web interface (www.iggypep.org). The peptides obtained are
respectively LYDALKNAQV, LPANLARE, YEEPIRQEGGD, and TLPTKETIEQEKTA.
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