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Abstract

Proteogenomics has emerged as a field at the junction of genomics and proteomics. It is a loose
collection of technologies that allow the search of tandem mass spectra against genomic databases
to identify and characterize protein-coding genes. Proteogenomic peptides provide invaluable
information for gene annotation, which is difficult or impossible to ascertain using standard
annotation methods. Examples include confirmation of translation, reading-frame determination,
identification of gene and exon boundaries, evidence for post-translational processing,
identification of splice-forms including alternative splicing, and also, prediction of completely
novel genes. For proteogenomics to deliver on its promise, however, it must overcome a number
of technological hurdles, including speed and accuracy of peptide identification, construction and
search of specialized databases, correction of sampling bias, and others. This article reviews the
state of the art of the field, focusing on the current successes, and the role of computation in
overcoming these challenges. We describe how technological and algorithmic advances have
already enabled large-scale proteogenomic studies in many model organisms, including
arabidopsis, yeast, fly, and human. We also provide a preview of the field going forward,
describing early efforts in tackling the problems of complex gene structures, searching against
genomes of related species, and immunoglobulin gene reconstruction.
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1. What is Proteogenomics?

The term proteogenomics has been used in more than one context, and we must begin by
describing the scope of this survey. We focus exclusively on bottom-up tandem mass
spectrometry analysis. While there are many different techniques for separating peptides,
ionizing fragments, and mass analysis, all producing different results, we consider an end
product of this process: the tandem mass spectrum, or MS2 spectrum. The MS2 spectrum is
a collection of ionized fragments masses (with intensities) for a peptide that serves as a
fingerprint for peptide identification and quantification.
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To identify peptides, the standard approach today originated with the seminal paper by Eng
and Yates on Sequest [1], and can be abstracted as follows: (1) Consider each peptide from
an available database; (2) generate a theoretical spectrum of the peptide by considering the
masses of fragments that are most likely to be observed; (3) score, and rank all peptides
according to the match between the experimental and theoretical spectrum; and (4) output
the peptide with the best match.

If a database of peptides is not available, we can either sequence the peptide through a de
novo analysis of the spectrum, or score candidate peptides generated from a genomic (DNA
based) template. We call the second approach, in which peptides identified against the
genome are used for gene annotation, proteogenomics. Recently, Ansong and colleagues
provided an excellent review of the field [2]. Our review shares many of the ideas presented,
but has a specific focus on computation.

2. Why Proteogenomics? a primer on gene finding

Scientific progress is often associated with abstraction and compaction of available
knowledge, so as to create a foundation on which future discoveries can be made. Our
understanding of the gene has unfortunately bucked this trend. The recently concluded
ENCODE project resulted in further ambiguity of the concept. The classical definition of the
gene being a “unit of heredity” (from Mendel’s work), has now evolved into “... a union of
genomic sequences encoding a coherent set of potentially overlapping functional products”
[3]. Other examples point to the plasticity of the genome itself, with large genomic
rearrangements disrupting genes on the genome [4]. All of this has implications for
proteomics.

Historically, the genomics and proteomics communities acted independently. It was the role
of the genomics community to identify genes and the corresponding protein sequences. This
was often done through large-scale annotation efforts, during and after the sequencing of the
genomes (see below). The collection of derived proteins was considered to be a fixed set,
although it was recognized that not all proteins are expressed in every cell. It was the role of
the proteomics community to understand which proteins are expressed under specific
conditions, or tissues, and to identify the various post-translational modifications, and other
processing of the proteome. Proteogenomics challenges this perspective: if the definition of
the gene itself is not clear, the proteomics (mass spectrometry) and genomics communities
should work together from the beginning, to clarify gene structures. Therefore, a good place
to start is to look at gene-finding.

2.1. Gene Structure

The central dogma of molecular biology suggests a flow of information from DNA to
protein. First, the genic region of the DNA is ‘transcribed’ (copied) into mRNA (also called
a transcript, or message). Special ‘promoter’, “‘enhancer’, and ‘repressor’ regions proximal to
the gene help switch the transcription on and off, thereby regulating the production of
protein. Next, the ribosomal machinery reads the message, and “translates’ it into proteins.
Note that the beginning and end of the transcript are not translated and are referred to as the
5 and 3’ untranslated regions (UTRS), respectively. While the process of protein production
is common to both prokaryotic and eukaryotic organisms, the structure and organization of
genes is quite different between the two, and will be discussed separately.

Prokaryotic Genes—In prokaryotes, related genes may be clustered into operons (Figure
1A). All genes in an operon share the same promoter region, and are transcribed as a single
mRNA. While the transcript produced by an operon contains mRNA from all the genes,
regulation at a higher granularity occurs at translation. Even with this simple structure, there
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is genic diversity. Programmed frame-shifts can produce alternate or truncated proteins [5],
but are nearly impossible to predict from genomic data.

Eukaryotic Genes—In eukaryotes, the coding regions of the gene are often present in
discontinuous regions called exons. Multiple exons are separated by introns: regions that are
transcribed, but not translated (Figure 1B). Introns are spliced out of the mRNA prior to
translation by an RNA-protein complex called the spliceosome, producing the mature
mRNA. For a given transcript, there may be alternate splice patterns each of which produces
a different mature mRNA and may cause the protein sequence to be altered.

2.1.1. Gene Annotation

The goal of gene finding can be roughly stated as the process of identifying the genomic
coordinates of exons, and the splicing patterns. Here we focus only on the coding exons.
Established methods of gene annotation today combine evidence from multiple orthogonal
sources [6]. One form of evidence is from ab initio gene predictors that analyze genomic
signals for coding exons and splice junctions. In addition, large-scale transcript sequencing
projects (often in the form of expressed sequence tags, or ESTs [7]) yield cDNA sequences
that can be mapped against the genome to identify coordinates. Finally, evolutionary
conservation with related species is often suggestive of genes, and other functional elements
[8]. Even so, gene finding is challenging. The recent release of the Arabidopsis Information
resource (TAIR8 to TAIR9) modified over 1,000 genes and added 282 new protein-coding
loci [9]. Even with the well-studied human genome, a manual investigation by the ENCODE
Consortium [10] resulted in the assignment of additional exons to 80% of studied genes.

Predicting the beginning of translation is a major challenge [11] for current annotation
pipelines. Translation start is usually marked by one of a handful of canonical start codons,
the most common of which codes for the amino acid methionine. Studies have shown that
this is not a hard rule, with many non-standard start sites observed in prokaryotes [12].
Eukaryotic gene annotation is further complicated by the prevalence of alternatively spliced
genes, which play a key role in generating proteome diversity. The reliable detection of
splice-junctions is difficult, and most ab initio gene finding algorithms only predict a single
transcript at a locus, ignoring completely alternate splice isoforms. Several tools have been
developed to identify alternative splice variants using ESTs [13,14], but accurate annotation
remains a challenge due to intrinsic problems in EST sequencing including incomplete gene
coverage, low sequencing accuracy, and chimerism. The issue of determining whether the
alternative transcripts differ in protein-coding regions or UTRs also remains.

While gene annotation efforts for model organisms rely heavily on transcript sequencing,
recent studies suggest that evidence of transcription might not be evidence of translation.
Clamp et al. [15] suggest that approximately 4,000 genes in human do not code for protein
despite cDNA evidence, citing their lack of conservation with primates. Genomic signals,
which are the primary component of ab initio gene predictors, may be equally misleading.
For example, the codons ‘TGA’, “TAA’, and ‘TAG’ are very strong indicators of translation
stop. However, in order to accurately determine translation stop, the frame for the terminal
exon must be correctly predicted. Coding signals, based on hexamer compositions, are not
sufficient to determine frame in short exons [16], and sometimes cause annotators to miss
the exon completely. Similar challenges make it hard to identify short genes (< 100 amino
acids), which constitute a significant portion of protein-coding genes [17]. Even for longer
genes, differing GC composition change coding signals to the point that the tools have to be
retrained for each new genome [18].
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3. The promise and challenge of proteogenomics

The idea of searching un-interpreted mass spectra against a translated nucleotide database is
hardly new. We see an early account in the paper by Yates et al. [19]. However, the true
power of the approach comes from a holistic use of these peptides in gene finding. See
Figure 2. A proteogenomically identified peptide provides unique information for gene
annotation by (a) confirming translation and separating pseudogenes(see below) from
coding genes [20]; (b) establishing that a protein is not targeted for degradation (c)
automatically determining frame, even multiple overlapping frames; (d) constraining the
location of the translation start and end sites, as well as sites of post-translational processing
(e.g. signal cleavage); (e) identifying exact splicing boundaries and alternative splice-forms,
if the peptide is split across exons; and, finally (f) predicting a completely novel gene, by
mapping to an uncharacterized genomic location. One may argue that next-generation
sequencing of transcripts is a more promising technology for sampling the translated
genome for the purpose of gene annotation. However, recent studies suggest that many
transcripts are targeted for nonsense-mediated decay [20], or upon translation are unable to
form stable, functional proteins[15]. Indeed, the optimist in us would claim that
proteogenomics is the panacea for the ailments that plague gene annotation. Proteomic
analysis also carries bene cial side-effects like peptide abundance calculations, and the
identification of post-translational modifications.

However, proteogenomic studies are not without substantial challenges. First, peptide
identification is arguably more error-prone than matching cDNA. Incomplete fragmentation,
noise, and ‘isometric’ peptides can all lead to erroneous identification. The problem is
compounded for proteogenomics as genomic databases are much larger than existing protein
databases. A 6-frame translation of the human genome has 6 billion residues in it; contrast
that with 180Mb needed for the UniProt database [21] consisting of proteins from over 250
organisms. The number of spectra for single proteogenomic studies is also large, often on
the order of tens of millions of spectra.

Second, sampling and dynamic range is a concern in nearly all mass spectrometry studies.
Current techniques can reliably sample proteins over 3-4 orders of magnitude [22], which is
smaller than the estimated true abundance range (~ 6 orders) [23]. Detectability of peptides
is a concern as not all peptides show up in mass spectrometric scans due to chemical
attributes unfavorable to ionization or fragmentation.

Peptides which span splice junctions contain a wealth of information useful to gene structure
prediction. In the ENSEMBL [24] database of human proteins (assembly GRCh37, release
57), approximately 26% of fully tryptic peptides of length 7 or greater span a splice
boundary. These peptides are invaluable, as reliable prediction of splice-junctions is a major
challenge for gene finding. However, identifying split peptides using proteogenomics seems
to be equally challenging, if not more.

Finally, the output of proteogenomics is peptides, and peptides are not complete genes.
Determining the gene structure from incomplete coverage by peptides is a difficult task.
While these are all valid criticisms, we assert below that recent developments in
technologies and computation are tipping the balance.

4. The proteogenomics solution (eukaryotes)

In the wake of technological advances in DNA sequencing, the number of eukaryotic
genomes sequenced has increased dramatically in the past 20 years, with full genomes
available for Saccharomyces cerevsiae [25], Caenorhabditis elegans [26], Arabidopsis
thaliana [27], Drosophila melanogaster [28], Homo sapiens [29,30], Anopheles gambiae
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[31], and recently, Zea mays [32]. As the genome sequences of many model organisms
become available, so too are large-scale proteogenomic studies beginning to fill a much
needed niche in gene annotation. In the past ten years, proteogenomic studies have
confirmed expression of 25% of ORFs in Yeast [17], 73 transcripts in A. gambiae [33],
9,124 transcripts in D. melanogaster [34], 224 hypothetical proteins in Human [35], and over
13,000 transcripts in Arabidopsis [36,37]. Peptides identified in these studies provide
validation of putative genes. These successes are due in part to recent developments
described below.

Sampling the proteome

Error rates

Achieving broad coverage of the proteome is critical to constructing a complete and accurate
catalog of genes. A distinct set of proteins is expressed by cells of different tissues or
conditions, and sampling each reveals a unique cross-section of the proteome. By acquiring
multiple biological replicates of samples from different organs [36,34,35,37] and
developmental stages [34] a wider range of proteins can be identified. While broadly
sampling the proteome increases the number of proteins detected, absence of peptides from
a protein cannot be used as an indicator for absence of the protein in the sample. As Figure 3
shows, the number of unique peptides identified in Arabidopsis nearly doubled with a
broader sampling strategy [37]. Coupled with technological advances in the form of high-
resolution mass spectrometers [23], spectra can be collected from peptides with a wider
dynamic range, while providing accurate spectral information for downstream analysis.
Improved protein separation techniques [38] have also enabled the identification of more
peptides in a single mass spectrometer run. In addition, fractionation methods can be used to
isolate underrepresented subsets of the proteome such as small proteins [17],
phosphoproteins [37], and basic proteins [34]. Brunner et al. achieved coverage of 63% of
the Drosophila melanogaster proteome by utilizing these techniques as part of an ‘analysis-
driven experimentation feedback loop’. They used the analysis of previous data sets to
determine categories of the proteome where their sampling was deficient.[Figure 3]

The problem of erroneous identifications is common to all proteomics projects, but is
magnified for proteogenomics. Searching large spectral data sets (~ 10M) against large
databases (~ 1B AA) translates into a large number of erroneous identifications even at a
low error rate. At the same time, the evidence for a new gene (usually low-abundance) might
only come from a small number of peptides.

Algorithmically, the identification problem is broken up into two parts: scoring/ranking of
each candidate peptide for a spectrum, so that the correct identification gets the top score,
and is well separated from the others; and, validation, which provides confidence that the
top-scoring peptide is the right identification. Scoring has seen great improvement, based on
probabilistic models [39,40,41,42,43,44,45] for peptide fragmentation. Large data sets of
annotated peptides allow for a systematic data-mining of fragmentation patterns, which are
then encoded into scoring models.

To understand why a secondary validation step is needed, consider the case when the correct
peptide is not in the database, and never considered. Even if the ranking of candidates is
perfect, the validation part is needed to reject the top scoring peptide. To assess the
likelihood of the top-scoring peptide being the correct identification, parametric and non-
parametric approaches have been tried. In the model-based approach, it is suggested that the
correct and incorrect peptides follow a distinct distribution of scores. By modeling the two
distributions, once can use a statistical test to identify the correct peptides [46]. Gygi and
colleagues suggest a model-free approach based on constructing a decoy database [47]. The
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spectra are simultaneously searched against the standard and the decoy database (typically a
scrambled version of the standard database). Peptides identified using the decoy are all
spurious and can be used to estimate the false discovery rate (FDR).

An issue with FDR is that all peptides that exceed the score cutoff are treated equally (have
the same FDR). However, we know that higher scoring peptides are more likely to be
correct. Additionally, our confidence in peptide identification also depends upon its size,
charge, and physico-chemical characteristics. One direction to improve FDR is to bin
peptides that are similar (by score, size, charge, etc.), and compute FDR separately for each
bin [37]. This local FDR (¢-FDR) [48] computation is possible in proteogenomics, where
the large number of peptides allow each bin to be populated. Second, the goal of
proteogenomics is to find protein-coding regions, not just peptides. If 2-3 peptides support
the same genic locus, or gene model refinement event, then the error occurs only if all of the
identifications are wrong. In this case, the £-FDR values of these peptides (under the
assumption that the identifications are independent) can be multiplied to give an event level
FDR (eFDR). The generic approach is as follows: a list of proteogenomic events is created,
such as “spliced exons’, ‘translated ORF’. Each event is supported by a collection of
peptides and their associated £-FDR values. A Bayesian approach is used to compute eFDR
values for the event being incorrect [37]. For example, a spliced peptide may have a high
probability of being correct, but makes a small contribution to a splicing event because of a
small overlap with the second exon. On the other hand, a small collection of peptides that hit
two exons, with a few spliced-peptides is strong evidence for a splicing event, even when
each of the peptides has a poor ¢-FDR score. In the set of 591 gene models submitted by
Castellana et al. to TAIR, a lower eFDR correlated with manual curation and acceptance
into TAIR9 resource.

The decoy database approach, and its variations, have been widely adopted. However, critics
point out that including the decoy database doubles the search time and, more importantly,
the FDR values greatly depend on the size of the database and the distribution of peptides in
it. The most obvious difficulty is in the construction of a decoy database. One desirable
attribute of the decoy database is that it does not share peptide sequences with the target
database. This becomes a difficult task when the target database exceeds 6 billion amino
acids.

Another difficulty stems from the construction of the target database. In proteogenomic
studies, a major goal in constructing a database from genomic data is to include as many
putative protein sequences as possible. This often is done by performing a translation of the
genome in all six-frames. In addition to containing all putative proteins sequences, the
resulting database also contains spurious sequences, often at a much higher rate than
standard proteomic databases. This implicit addition of decoy peptides in the database
results in diminished sensitivity at the same FDR. To combat this, an additional goal of
constructing proteogenomic databases is compactness. For example, the six frame
translation can be restricted to sequences exceeding the average size of an exon in the
organism of interest, or to regions which receive high scores by ab initio gene predictors.

One might argue that instead of attempting to construct a database of putative protein
sequences, interpreting the peptide sequence de novo will guarantee that any possible
peptide sequence is considered. Several groups have proposed database-independent p-value
computation methods [49,50]. These methods rate peptide-spectrum matches using
spectrum-specific score distributions, but make the assumption that all peptides are equally
likely a priori.
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This argument illustrates a philosophical difference regarding the importance of prior
information (the database) in peptide identification, and is analogous to the debate between
Bayesian and frequentist inferences. De novo approaches to peptide identification seek to
distinguish the correct peptide among all possible peptides, and consequently are highly
error-prone. In a database search, the space of candidate peptides is greatly reduced. This
automatically increases the confidence in identification, but only if we agree that the
database is complete. In proteogenomic studies, the search is on ever larger genomic
databases, and the differences between de novo and database searches diminishes,
particularly when modifications and mutations are permitted. If we consider only the set of
peptides of length 9, de novo algorithms must consider 20° < 1012 candidate peptides. The
six-frame translation of the human genome contains about 10° peptides. However, if we
allow a single mutation per peptide (which would have no effect on de novo algorithms), the
size of the genomic database increases 200 times, to 1011, For large databases typical of
proteogenomics, the boundary between de novo and database search is blurred. Confident
assessment of a genomic region being translated must depend upon the discovery of
multiple, large peptides with accurate fragmentation patterns.

Another aspect of large genomic databases is the non-random distribution of nucleotides. In
fact, segmental duplications, and retrotransposon mediated elements, often create multiple
copies of the same gene [30,29], leading to identical peptides at multiple locations in the
genome (shared peptides). Sometimes, only one of the gene copies is active. The inactive
genes (possibly transcribed into RNA, but not translated), are called pseudogenes, and will
cause problems for proteogenomic identification. Identifying pseudogenes is one of the
major challenges for gene annotation.

One approach to handling genomic redundancy is to consider all locations of the shared
peptide [33]. However, this may lead to the false reporting of proteins. A stricter approach is
to ignore the shared peptides [51,36], significantly reducing the number of protein
identifications. Grobei et al., developed a classification method of peptides based on their
occurrence in the database. Peptides which could uniquely identify a protein sequence were
labeled Class 1. Peptides which mapped to multiple locations were classified depending on
whether their matches were to isoforms of the same gene (Class 2), members of the same
gene family (Class 3a), or from multiple gene families (Class 3b). In the study by Grobei et
al [52], all Class 3b peptides were discarded. Other groups [37] have used peptide locality to
decide whether to keep or discard shared peptides. If a shared peptide appears in close
proximity to a uniquely-located peptide, the additional identification boosts the confidence
in the shared peptide location.

Spliced peptides

In humans, approximately one quarter of peptides cross a splice junction. These peptides are
especially informative for gene annotation, giving boundary and frame information for two
exons and a splice junction. The identification of these spliced peptides is a challenge unique
to eukaryotic proteogenomics.

Historically, peptides identified against predicted or known proteins were mapped back to
the genome to validate splicing events [53,54,35]. The detection of new splice-junctions,
however, calls for a special database that encodes putative splice-forms. Such a database can
be constructed using ESTs which are produced from mature MRNA and have the introns
already spliced out, thus enabling the identification of peptides which span the intron
boundaries [51,55]. However, ESTSs are error-prone, and highly redundant. Edwards
proposed a compression scheme for reducing EST database size, based on a de Bruijn graph
representation of cDNA fragments [55,56], while retaining all potential peptide sequences.
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Even with large sampling efforts, ESTs do not adequately cover all splice-junctions since
many ESTs are sequenced from the 3’ end which provides unique tags for identification, but
only limited representation of the coding sequence. A second source of putative spliced
sequences is ab initio gene prediction tools, such as GenelD [57], Fgenesh [58], Augustus
[59], and GeneMark [60]. Kuster et al. [61] used a two-pass system to identify spliced
peptides by first identifying likely novel coding regions using unspliced peptides, then
predicting a new model for that region and searching the spectra against the new model.

Tanner et al. [35] proposed a spliced-exon graph to compactly represent all gene structures
and splice-junctions generated by gene prediction tools and EST mappings. In the graph,
each exon is a node and each edge between exons represents a putative splice junction.
While the graph provides a compact encoding of all splice-forms, the MS2 identification
tools need to be modified to search the specialized database. In recent studies, this approach
confirmed over 15, 000 spliced peptides in human, including over 40 instances of alternative
splicing, where peptides confirm the splicing of one exon with multiple partner exons [35].
In arabidopsis, 4, 018 novel spliced peptides were identified when compared to the TAIR7
annotations [37]. By structuring proteogenomic databases as spliced-exon graphs and de
Bruijn graphs, the sequence redundancy that is inherently present in the proteomes of higher
organisms is reduced. This is of particular importance in proteogenomics where database
size has significant impact on error rates and search time.

The general issue of identifying ‘discontinuous’ peptides (of which spliced-peptides are a
special case) is likely to persist. The genomes of individual humans are now being
sequenced [62], and show remarkable plasticity, with large rearrangements leading to gene
disruptions, fusions, and trans-splicing [4]. Additionally, the rearrangements often
characterize the transition of a normal genome to a tumor genome [63,64]. Identification of
discontinuous peptides confirming fusion events is likely to expand the role of
proteogenomics in cancer detection and therapy. It is important to note that in the case of
diseases which result from genome rearrangements, such as cancer, that the reference
genome should not be limited to the wild type individual. Proteogenomic studies, coupled
with deep genomic and transcript sequencing, can provide valuable information on aberrant
protein expression.

Search speed

In 2001, Choudhary et al. [65] constructed the 6-frame translations of the human draft
genome sequence. On a single processor, searching 169 spectra required 10 hours of
compute time. Since then search algorithms and computing resources have improved
greatly, while the framework of proteogenomic studies has remained largely unchanged.
Filtering spectra for quality [66,67], or clustering them to increase the signal to noise ratio of
each spectrum [68] are techniques employed to improve both the quality of identifications,
as well as the speed of the search.

A second advance is in ‘database filtering’, where a two-pass search is employed for MS2
identifications. The goal of the first search (the filter step) is simply to discard most of the
database, while retaining the correct peptides, using minimal computation. The more
expensive scoring is relegated to a second stage, and is fast because only the filtered
peptides are scored. Novel strategies for filtering are under active development, including
tagbased filtering, and peak-based filtering resulting in two orders of magnitude speedup,
with little loss of sensitivity [69,70,42]. The database size can be reduced, resulting in faster
searches, by applying outside knowledge of regions which are unlikely to be coding for
proteins, such as repeat regions or open reading frames of insufficient length to contain an
exon. Structuring the database as a graph, as described above, can also reduce the amount of
redundant sequence.
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Today, many database search engines can be run on multiple cores, or in parallel on large
compute clusters. Proteogenomic studies are able to bene t from the enormous advances in
processor speed and parallelism. A typical search of 1M spectra against the 6-frame
translation of the maize genome containing over 1B amino acids takes on the order of days
using a compute cluster of 100 nodes, while also identifying difficult peptides with
unexpected modifications and mutations [70,71].

4.1. Improving gene annotation

The proteogenomic identification of a peptide might come from a region of the genome not
previously known to code for protein. We refer to these peptides as ‘novel’. Novel peptides
might be intragenic (fall within the locus of a known gene structure), or intergenic (fall
outside the locus of a known gene model), and suggest different categories of genome
annotation. A set of possible events with supporting peptides is shown in Figure 4.

Refining gene models—For intragenic novel peptides, it is difficult to distinguish if the
gene structure needs to be corrected, or if it can be explained by a novel splice-form. The
sampling of the proteome is not dense enough to observe peptides from multiple isoforms.
Therefore, extrinsic data, such transcript sequences, or homology to genomic regions, is
used to distinguish the two cases [36,37].

Reconstructing gene models using mapped peptides is non-trivial, mostly because the
peptide information is not sufficient to completely determine the structure due to limited
coverage. While spliced-peptides provide information on which exons might splice together,
they are not informative about distal events (isoforms with multiple alternative splicing
patterns). Top-down proteomics, in which intact proteins are analyzed, might help in this
case, but has not been used for proteogenomics due to the complexity of the samples.

The peptides can be used to increase the likelihood of a gene model being correct. New gene
finding tools such as Augustus [59], are able to combine ab initio signals with external hints,
including homology with related species, ESTs, annotated gene models, and now,
proteogenomic peptides. Recent proteogenomic studies have proposed automated prediction
of the updated gene model including the peptides as hints [61,35,37]. A total of 339
arabidopsis gene models predicted in this way were incorporated into the most recent gene
annotation release for Arabidopsis, TAIR9 [9].

Gene discovery—Intergenic peptides which are not proximal to a known gene may
indicate a novel coding region. To reduce errors, eFDR or Protein-Prophet can be used to
combine the evidence from multiple peptides in support of the novel gene [72]. Validation
of the novel genes remains a challenge, but supporting evidence is obtained from expressed
transcript sequence, RT-PCR validation [73,74] or homology searches of newly predicted
gene models [37,75]. The homology searches can also be used for functional annotation of
the corresponding protein sequence [53,76].

5. Proteogenomics in prokaryotes

Bacterial genomes are being sequenced at an astonishing rate, and as a consequence that
gene annotations are primarily computational predictions. Prokaryotic genomes tend to be
smaller and less genetically complex than eukaryotes. As prokaryotic genes do not undergo
splicing, all proteins can be captured by translating the genome in all six frames.

Several studies on prokaryotic genomes have shown that ab initio tools alone are
insufficient, particularly for identifying gene boundaries, and for short ORFs [77,53,12,75].
Proteogenomic validation of predictions is a pragmatic compromise between computational

J Proteomics. Author manuscript; available in PMC 2011 October 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Castellana and Bafna

Page 10

prediction, and full-experimental validation. Jaffe et al. [53] validated 81% of predicted
ORFs in Mycoplasma pneumoniae and Gupta et al. [12] validated 40% of genes in
Shewanella oneidensis. Wang et al. [76] constructed a database of gene predictions, and
validated 901 proteins in Mycobacterium smegmatis.

The first study to search tandem mass spectra against the 6-frame translation of a fully-
sequenced bacterium (Haemophilus influenzae) identified 263 proteins and 2 genomic loci
which were not previously believed to be translated. Since then, several high-throughput
studies have identified novel translated loci in Mycoplasma pneumoniae (16 ORFs) [53],
Rhodopseudomonas palustris (85 ORFs) [73], Shewanella oneidensis (8 ORFs) [12], and
Deinococcus deserti (15 ORFs) [78].

Peptides which map in close proximity to annotated genes may suggest changes to the gene
model, rather than separate novel loci. While determining the translation end site is simply
the location of the first in-frame, down-stream stop codon, determining translation start is
much trickier. Proteogenomic mapping of peptides to regions proximal to the N-terminus of
the annotation gene may correct these errors. In Shewanella oneidensis, 30 genes appeared
to have incorrect 5’ boundaries based on peptides mapping upstream of the annotated start
site as well as alignment with proteins in related species [12]. Peptides which are mapped
near an annotated gene, but are in a different frame, may indicate the rare event of
programmed frame shift [53], which is nearly impossible to predict by other automated
methods. Baudet et al [75] derived protein N-termini using a labeling reagent, TMPP, to
correct the translation start sites of 60 genes in Deinococcus radiodurans.

With the dramatic increase of sequenced genomes of related prokaryotic organisms,
proteogenomics is now being performed on multiple sequences in tandem. Gallien et al. [79]
combined comparative genomics and N-terminal protein labeling to correct 19% of
translation start sites in M. smegmatis and 601 start sites in 16 other Mycobacterium species.
As an extension to previous work in Shewanella oneidensis [12], Gupta et al. [80] sampled
the proteomes of three Shewanella species to simultaneous annotate their genomes. Due to
the high level of sequence similarity between the species, 2,590 orthologous ORFs were
defined as ‘shared genes’. By allowing peptides identified on an orthologous protein to
contribute evidence for expression of a protein, Gupta et al. are able to rescue over 140
proteins which would have been excluded from a proteomic experiment using the ‘two
peptide per protein’ inference rule. While using comparative proteogenomics represents a
new frontier for annotating genomes, methods for determining statistical significance of
these inferences have yet to be developed.

In addition to gene annotation, a study in the bacteria Shewanella onei-densis discovered
over 10,000 sites of chemical modification [12]. The diversity of modifications identified is
beyond what can be specified by popular database search tools, underscoring one of the
main challenges to proteomics and proteogenomics. Gupta et al. also discovered non-
chemical protein modifications which reveal the dynamic nature of the proteome. By
considering the positions of the most N-terminal peptides observed with relation to the
predicted translation start site (Figure 5A), Gupta et al. [12] observed possible instances of
signal peptides and N-terminal methionine cleavages. The study was able to distinguish
potential signal peptides from post-source decay by identifying non-tryptic peptides
contained in tryptic peptides. The peptide compositions also allowed them to determine
motifs for signal peptide cleavage sites that closely agree with motifs used by computational
predictors (Figure 5B). A comparative analysis reveals a functional role for N-terminal
methionine excision [81]. Jaffe et al. [53] showed post-processing of a gene by identifying
two halves of the resulting protein appearing separately in the same mass spectrometry run.
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6. Conclusion: New directions for proteogenomics

The discussion above assumes that the peptide encoded by the spectrum can be found in the
genomic database. This may not always be the case. However, the peptide may be inferred
by comparing the spectrum against a related genomic template. We refer to this as
comparative proteogenomics. An exciting, if somewhat controversial, recent example is the
sequencing of T. rex and mastodon peptides [82,83,84,85].

MS-Blast [86] is often cited as an early tool for comparative proteogenomics. It relies on a
de novo analysis to establish tags. A collection of tags is then searched using Blast to
identify homologous sequences. Likewise the search for mutated and modified peptides also
implies an imperfect genomic template. Tools such as MSAlignment [71], Mod' [87],
SPIDER [88], and TagRecon [89] perform a search of a homologous database with an
unrestricted set of modifications or mutations.

When the genomic templates are very different (a different species), a new set of tools are
required. Comparative shotgun protein sequencing [90] uses clustering, spectrum alignment,
and de novo sequencing techniques to create sequence contigs of the target protein. Champs
[91] identifies the most similar protein to the target protein in the database, and uses
SPIDER to correct de novo sequenced peptides against the protein. GenoMS [92] resembles
both de novo and database search techniques. It first identifies one or more templates from a
database of homologous proteins or a related genome. Mutated or missing portions of the
target proteins or proteins are then sequenced using model-based spectral alignment and de
novo sequencing.

The gene annotation for an organism is not a once and done enterprise, but relies on a
feedback loop involving the genomic and proteomic communities. Proteogenomics has
developed beyond the proof-of-principle level, and is becoming an integral part of the
annotation pipeline for model organisms. The realization of the method, in studies to date,
has only been as a downstream analysis tool, for improvement of a first pass annotation.
However, the high-throughput nature and the ability to directly ascertain the elements of the
genome which are translated, highly recommend proteogenomics as a method to be used on
the front-line of gene annotation.

The need for proteogenomics is highlighted by the exponential rate of growth of genomic
databases, not only across species, but of individuals within species. For eukaryotes, the
notion of gene is evolving to diverse trans-splicing and rearrangement induced splicing
events. For prokaryotes, a vast majority of the genomes will never be sampled due to the
difficulty in culturing. Instead, metagenomic studies sample genomic sequence from a
community of genetically diverse organisms, which makes even species identification
difficult. The development of sequencing technologies is allowing for the sequencing of
genomes and meta-genomes at an unprecedented rate [93,94]. At the same time, advances in
instrumentation, MS2 identification algorithms, specialized database construction, and
comparative tools suggest that the future is bright for proteogenomics.
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Figure 1.

Prokaryotic and eukaryotic gene structures. A: Prokaryotic genes may be arranged in an
operon, sharing the same promoter. B: A eukaryotic gene contains protein-coding regions
called exons, separated by non-protein-coding regions called introns. Once transcribed, the
introns are spliced out. An alternate splice junction is shown using a dotted line.
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Figure 2.

Peptide sequences mapped to a genomic region. Several peptides fall within an annotated
gene locus, validating translation of two exons and an intron. One peptide indicates a novel
splice isoform which skips the internal exon. Additional peptides fall within an annotated
pseudogene giving strong indication for its translation in the cell. Peptides which fall within
the intergenic region may indicate novel protein-coding loci. Cyan colored peptides would
likely not be identified using a standard proteomic database.
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Figure 3.

A graph showing the discovery curve for Arabidopsis peptides [37]. The x-axis in the figure
is the number of spectra considered, while the y-axis is the number of distinct peptides
recovered from the spectra. As spectra were added to the experiment, the rate of distinct
peptide sequences identified slows. The figure suggests that including more spectra from
root tissue will not substantially increase the number of peptides identified. However,
including spectra from a different tissue type provided additional distinct peptides.
Extrapolation suggests that the number of distinct peptides identified is nearly doubled by
including additional tissues and additional fractionation.
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Figure 4.

Five different refinement events which may be suggested by intragenic peptides. Exons are
shown in black boxes while novel coding regions suggested by the peptides are shown in
green. Peptides (dark blue and cyan) are shown aligned to the gene models. Examples drawn
of refined genes in TAIR7 from Castellana et al. [37] are annotated with the updated gene
model. Several of these genes have been updated in subsequent gene annotation releases to
include the peptide evidence.
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Proteomic annotation results courtesy of Gupta et al. [12]. A: A histogram of the position of

non-tryptic N-terminal peptides reveals two protein processing events; cleavage of N-

terminal methionine and cleavage of signal peptides. B: The signal peptide motif recovered

by MS/MS analysis compared to the same motif determined by two computational

predictors [95,96].
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