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ABSTRACT: Every molecular player in the cast of biology’s central dogma is being sequenced
and quantified with increasing ease and coverage. To bring the resulting genomic,
transcriptomic, and proteomic data sets into coherence, tools must be developed that do not
constrain data acquisition and analytics in any way but rather provide simple links across
previously acquired data sets with minimal preprocessing and hassle. Here we present such a
tool: PGx, which supports proteogenomic integration of mass spectrometry proteomics data with next-generation sequencing by
mapping identified peptides onto their putative genomic coordinates.
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1. INTRODUCTION

Systems biology is premised on the ability to integrate data sets
covering all aspects of cellular biochemistry. One such
integrative approach is termed proteogenomics1 and is defined
as the integration of proteomic and genomic information,
usually referring to the use of mass spectrometry (MS)-based
proteomics to improve gene annotation. The field has taken off
thanks to recent improvements in both next-generation
sequencing (NGS) and proteomic methodologies. It has
become feasible both in terms of cost and time to sequence
the DNA and RNA of every sample set being studied by MS
proteomics. Additionally, modern mass spectrometers are able
to sequence peptides at such a depth of coverage that they are
now becoming useful in the very identification and validation of
genes (whereas historically, proteomics depended entirely on a
complete predicted proteome). The integration of proteomics
and genomics can therefore improve our understanding of both
genomic annotation and of course the functional character-
ization of protein products in their biological context.
As the results of proteogenomics research accumulate, be

they in the form of genome annotation, splice isoform
prediction, or novel protein discovery, there arises a pressing
need to map and visualize all data types onto the same unified
coordinate system. There currently exist many tools for the
analysis and display of genomic features where the coordinate
system of choice is naturally the underlying reference sequence
for the organism being studied. This is true even for the most
advanced and challenging forms of next generation sequencing
data. It follows naturally that the ideal unified coordinate
system for proteogenomics should remain genomic in nature.
Indeed, effective tools that can map MS-based proteomics

results onto genomic coordinates have recently become
available (Peppy,2 Proteogenomic Mapping Tool,3 Pepline,4

MS-Dictionary,5 GappedDictionary,6 IggyPep,7 MSProGene,8

ProteoAnnotator,9 PGNexus,10 and GalaxyP11); however, these
tools are usually couched in a relatively involved and
comprehensive pipeline (e.g., the GalaxyP pipeline consists of
up to 140 steps) and typically impose a specific mass-
informatic12 workflow on the practitioner, by, for example,
requiring the generation of short peptide sequence tags (PSTs)
or some complex form of de novo peptide sequencing followed
by a lookup against the full six-frame translation of the genomic
sequence. Our experience suggests that a more common
scenario involves the production, by the genomic arm of the
workflow, of a (liberally) predicted proteome (containing what
is assumed to be a superset of the observable proteome) so as
to leverage existing PSM search engines (such as Mascot,13

Sequest,14 X!Tandem15) that require a straightforward
representation of the predicted proteome (in the form of a
FASTA file). We have thus identified the need for an
exceedingly focused tool following the Unix tradition (“do
one thing and do it well”16) that simply leverages the analysis
done at the genomic level (represented as a BED file to
accompany the FASTA file provided to the search engine),
thereby enabling the efficient mapping of proteogenomics
results onto the common sequence map. The coupling between
the proteomic workflow and the genomic arms of the research
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project is minimized, which allows the proteomic analysis to
proceed using standard proteomic software tools. Our solution
is implemented as a Python framework called PGx, which
allows for sensitive, relevant, and rapid proteogenomic data
integration either at the command line or through a user-
friendly web-accessible interface. The key distinguishing
property of PGx is that it relies solely on three standard files
that succinctly summarize the contribution of the three main
arms of the proteogenomics effort: a BED file integrating the
results of DNA and RNA sequencing, a FASTA file

representing the complete predicted proteome and a peptide
list representing the results of peptide sequencing (Figure 1).
Our choice of BED files as input stems from the fact that

nearly every genome browser supports the visualization of this
file format, including: the Broad Institute’s Interactive Genome
Browser,17 UCSC’s Genome Browser,18 the WashU Epige-
nome Browser,19 and the Ensembl Genome Browser.20

Additionally, many alignment and genomic tools output data
in the form of a BED file such as the RNA-Seq alignment tool
TopHat,21 which outputs a splice junction file in the form of a
BED file and the commonly used bedtools software,22 which is

Figure 1. PGx integrates all “ome” data sets using only a BED file, FASTA file, and a peptide list as input.

Figure 2. Typical interaction with the PGx Web site: The user simply drags a file containing query peptides onto the dashed rectangle. The example
text file yielding this visualization is provided on the Web site itself.
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able to complete a wide range of genomic analysis methods
using the BED format. Because of its frequent use by the
genomic and transcriptomic communities, simple conversion of
proteomics data to the familiar BED format allows for seamless
inclusion of proteomics data in already existing genome-based
tools.
The FASTA file, on the contrary embodies a prior interaction

between the sequencing efforts in that it is usually a key enabler

in sample-specific proteomics: Given the diversity of protein
isoforms in different cell types and the growing affordability of
next generation sequencing (NGS) technology, it has become
advantageous to create sample-specific protein sequence
databases for comprehensive peptide identification. RNA-Seq
and genome sequencing information can be used to create
these databases, incorporating variant proteins, alternatively
spliced isoforms, and novel expression, as coded within the

Figure 3. Example of a novel peptide resulting from intronic expression is mapped using PGx framework. (The exact command-line required to
generate the final bed file is shown in the purple inset; for more details see the tutorial included with the source code.)

Figure 4. Multi-omic integration: The quantitative peptide track is provided by a PGx bedGraph file. Contains data from a tumor sample for (A)
single nucleotide variants (SNVs) (from VCF files), (B) global and phosphoproteomic quantitative data (from PGx derived bedGraph files), (C)
RNA expression and coverage data (BAM file), (D) global and phosphoproteomic peptide mapping (from PGx derived bed files), and (E) RNA
splice junction predictions (from junction bed file).
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genome and transcriptome, allowing for the identification of
sample specific peptides from the tandem MS analysis.23−25 In
the Clinical Proteomics Tumor Analysis Consortium (CPTAC)
we have combined patient-specific protein databases and used
PGx to map identified peptide sequences and a relative estimate
of their abundance (via Spectral Counting, Figure 4) onto
sample-specific genomic coordinates, providing easy-to-use
proteogenomic integration techniques for these patient-centric
studies.
Finally, the choice of a simple peptide list as the third PGx

input file minimizes any formatting requirement by the
proteomic software. PGx simply researches the protein
sequence space provided in the FASTA file, thereby maximizing
the decoupling between the various tools in the proteogenomic
workflow.

2. IMPLEMENTATION
PGx is an open-source project released under the MIT license
and is also publicly accessible via a web-based API supporting
access by researchers using a web browser (Figure 2) and
programmers using http-based API calls to a simple RESTful
interface. It is implemented in pure Python and is therefore
extremely portable and easy to customize. PGx leverages a
memory resident indexing scheme26 to perform a very fast
(essentially interactive) mapping of peptides to genomic
sequence. PGx performs this mapping by using two indexes
for each protein sequence database (e.g., RefSeq, Ensembl, or a
sample-specific database based on RNA-Seq and whole genome
sequencing or exome sequencing data). The first index is a
peptide dictionary that contains all four amino acid peptides in
the protein sequence database. The dictionary is designed to
consider leucine and isoleucine as equivalent because they
cannot be distinguished by typical mass spectrometry work-
flows. The dictionary is used to rapidly lookup and to retrieve
all proteins that might contain an experimentally observed
peptide based on the occurrence of its constituent 4-mers. The
presence of the peptide is then validated in every candidate
protein. The second index is a mapping of each protein
sequence in the database onto the genome, and this index is
used in the second step to map each peptide onto its genomic
coordinates. PGx supports the mapping of many peptides at the
same time, and the submission of a list with peptide sequences
and their quantities will return a BED (qualitative information)
and a bedGraph (quantitative information) that can be used to
visualize the proteomics data using a broad range of genome
browsers such as the UCSC browser (Figure 2) or IGV
(Figures 3 and 4).
PGx is available for testing against the standard Refseq build

at the following Web site http://pgx.fenyolab.org. The site
simply expects a file containing peptides to be “drag and
dropped” onto it. The results are then available for download
and visualization on the UCSC Genome Browser. (The whole
process is shown in Figure 2.) A test file is made available on
the site, which is the exact input used to generate the Figure.
While the Web site is useful in gaining an understanding of

PGx’s functionality, the framework is implemented and
distributed first and foremost as a collection of Python-based
command line tools. In addition to the core-indexing query and
formatting scripts, the framework provides some support
functionality such as the automatic downloading of genomic
resources (e.g., RefSeq27 gpff files) or the ability to query for
the position of peptides that might be present only as nsSNPs28

relative to the existing sequence base. The complete set of

scripts is hosted on github, along with end-user documentation
in the form of a tutorial and a test data set capable of
regenerating Figure 3. In brief, custom proteomes are stored in
directories containing two files called: “proteome.fasta” and
“proteome.bed” referring, respectively, to the sequence space
and its genomic mapping. All pgx commands take a proteome
(directory path) as a first input and a stream or named file as
second argument. As a result, the full power and succinctness of
command line streaming can be leveraged, resulting in a simple
one-liner capable of generating Figure 3 (purple inset).

3. DISCUSSION
PGx allows for seamless integration of proteomic mapping and
quantitation data into pre-existing multi-omic pipelines. Two
examples of this are shown. Figure 3 demonstrates the ability of
PGx to map peptides to the genome in cases where a peptide is
not contained within the reference protein database. Here a
novel splice junction was identified by RNA-seq within the
intronic region of the mitochondrial cochaperone HSCB in a
tumor sample. Using a proteogenomic-based method of
peptide searching in which these novel junction sites were
included in the search database,23−25 one is able to identify the
peptide “SPPSDPTDALMQLAK” corresponding to the same
novel intronic expression and subsequent PGx processing
allows for the visualization of this peptide within a genomic
context.
Furthermore, Figure 4 demonstrates how PGx can be used to

easily obtain a comprehensive visualization of genomic,
transcriptomic, and proteomic data. PGx files can be directly
uploaded into the IGV or UCSC genome browser to display
peptide mapping (Figure 4D) or peptide quantitation (Figure
4B) alongside RNA expression and coverage data (Figure 4C),
RNA-seq splice junction mapping (Figure 4E), and genomic
single nucleotide variants (SNVs) (Figure 4A). In this example,
data from whole genome sequencing, RNA-seq, and
quantitative MS/MS of a tumor sample were mapped for the
serine/threonine kinase, AKT1.

4. CONCLUSIONS
We believe that PGx represents a useful contribution to the
software toolset of any proteogenomics practitioner because it
does not impose any mass-informatic on the proteomics branch
of the workflow but simply relies on three files summarizing the
results of the intermediate sequencing efforts to establish full
data integration: a BED file, a FASTA file, and a set of peptides.
A live instance of PGx supporting peptide mapping onto the
standard RefSeq build is freely available for public use at http://
pgx.fenyolab.org, and the Python scripts licensed under the
MIT license are hosted at https://github.com/FenyoLab/PGx.
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