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One  of the  objectives  of  genome  science  is the  discovery  and  accurate  annotation  of  all  protein-coding
genes.  Proteogenomics  has  emerged  as  a methodology  that  provides  orthogonal  information  to  tradi-
tional  forms  of  evidence  used  for genome  annotation.  By  this  method,  peptides  that  are  identified  via
tandem  mass  spectrometry  are  used  to  refine  protein-coding  gene  models.  Namely,  these  peptides  are
used  to confirm  the translation  of predicted  protein-coding  genes,  as  evidence  of novel  genes  or for
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correction  of current  gene  models.  Proteogenomics  requires  deep  and  broad  sampling  of  the  proteome
in order  to  generate  sufficient  numbers  of  unique  peptides.  Therefore,  we  propose  that  proteogenomic
projects  are  designed  so  that the  generated  peptides  can  also  be used  to create  a  comprehensive  protein
atlas  that  quantitatively  catalogues  protein  abundance  changes  during  development  and  in response  to
environmental  stimulus.

©  2015  Published  by Elsevier  B.V. This  is an  open  access  article  under  the  CC  BY-NC-ND  license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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. Introduction

The primary goal of genome annotation efforts is the discovery
nd accurate annotation of all protein-coding genes. A complete
nd accurately annotated proteome provides the building blocks for
ypothesis-driven research seeking to enhance our understanding
f biology. Genome annotation is a complex process involving mul-
iple integrated tools, which have been described in detail [1–5] and
re beyond the scope of this review. Briefly, traditional methods of

gene prediction. Lastly, sequence conservation with related species
can be incorporated into annotation pipelines. While DNA/RNA-
based genome annotation approaches perform remarkably well,
given the complexity of the challenge, they are currently unable
to accurately predict all protein coding genes and their structure.
Experimental evidence is required to determine if a transcript is
translated and if the predicted protein sequence is correct.

The field of proteogenomics has emerged as a genome-wide
method to improve genome annotations as well as to character-
enome annotation rely on combining various forms of evidence.
his includes de novo gene prediction, which utilizes only patterns
n the genomic sequence to infer gene structure. Additionally, tran-
cript sequences from cDNA libraries can be leveraged to enhance

∗ Corresponding author.
E-mail address: sbriggs@ucsd.edu (S.P. Briggs).

ttp://dx.doi.org/10.1016/j.cpb.2015.02.001
214-6628/© 2015 Published by Elsevier B.V. This is an open access article under the CC B
ize the pattern of gene expression at the protein level. The concept
of proteogenomics was introduced, by Jaffe and colleagues [6], as a
method that utilizes peptides identified from their tandem mass
spectra, for genome annotation (reviewed by [2,7–9]). Since its
introduction, proteogenomics has successfully aided in the anno-

tation of numerous prokaryotic and eukaryotic organisms. These
studies have demonstrated that deep and broad sampling of the
proteome is necessary, for proteogenomics, requiring the genera-
tion of hundreds of millions of mass spectra. Furthermore, protein
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ig. 1. Examples of gene model revision. Currently annotated exons are shown in red
dentified peptides are shown in yellow.

ccumulation depends upon development and environmental con-
itions so spectra must be generated from a diverse set of samples
o enable deep coverage of the proteome. Such broad sampling
nables the additional use of the identified peptides for creation
f a protein atlas that catalogs where, when, and how much of a
iven protein is present.

. Proteogenomic enabled annotation

Proteogenomics provides a high-throughput method to incor-
orate protein level information into genome annotation. For
his, tandem mass spectra are generated and then used to
earch genomic databases for peptide identification. The standard
atabase utilized in proteogenomic pipelines is a six-frame transla-
ion of the genome [6]. Additionally, specialized types of databases
uch as an exon–splice graph, which is compact representation
f predicted gene structures and splice junctions, have also been
xploited [10]. The identified peptides fall into two  categories.
amely, confirming peptides that match the current genome anno-

ation and novel peptides, which do not (Fig. 1). It is important to
mphasize that the confirming peptides represent critical events,
s they directly confirm both the current structural annotation of a
ene and demonstrate that the gene encodes a translated protein.

The novel peptides themselves can be further divided into two
ypes of events. One category includes intergenic peptides, which
ap  outside of known genes, and thus reveal the presence of novel
enes. A second category is intragenic peptides that fall within a
nown locus, but do not match the currently annotated gene model.
ntragenic peptides include those demonstrating the translation

able 1
roteogenomic publications in plants. (If Novel Genes and Model Revision were not clear

Organism Peptides Proteins Novel

Arabidopsis thaliana 86,456 13,029 26
Arabidopsis thaliana 144,079 12,769 18,02
Populus deltoides 4943 

Chlamydomonas reinhardtii 9336 93
Oryza sativa 15,121 5034 16
Medicago truncatula 78,647 9843 156
Zea mays 225,166 14,615 24,78
Triticum aestivum 203 1
 model revision suggested by novel peptides is depicted in black. Proteogenomically

of 5′ or 3′ untranslated regions (UTR), alternative start/stop sites,
proteins out of frame, incorrect exon boundaries, novel exons or
novel splice sites. While one may  assume that the identification
these types of novel intergenic and intragenic peptides by pro-
teogenomics to be rare, they are actually commonly found, even
in well annotated model organisms (i.e. organisms that have been
subjected to multiple rounds of genome annotation) (Table 1). This
demonstrates that proteogenomics is a necessary addition to any
comprehensive genome annotation effort.

3. Proteome sampling for proteogenomics

Deep and broad sampling of the proteome is necessary for
comprehensive proteogenomic efforts. There are numerous strate-
gies that have been developed for proteogenomic experiments to
aid in maximizing the number of unique peptides identified by
mass spectrometry [7,9,11]. Briefly, fractionation methods such
as one-dimensional and two-dimensional gel electrophoresis, as
well as gel-free chromatography based separations of proteins
and peptides, aid in deep proteome sampling. Specialized sample
preparations can also be used to sample subsets of the pro-
teome such as phosphoproteins, basic proteins, small proteins, and
N-terminal peptides [7,8,12–14]. Additionally, use of multiple pro-
teases (examples include trypsin, chymotrypsin, Glu-C, and Lsy-C)
helps to increase the percentage of sequence covered for a given

protein. Another consideration is that the proteome composition
depends on both developmental and environmental factors. Thus,
analyzing a diverse array of samples is critical for achieving com-
prehensive proteome coverage [12,13].

ly identified all values went into the Model Revision Column.)

 peptides Novel genes Model revision Citation

1 22 35 [28]
4 778 695 [13]

56 [34]
2 3 65 [35]
6 40 [36]
8 32 293 [37]
2 165 1904 [38]
7 5 8 [39]
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Table  2
Plant protein atlas publications. To be considered a protein atlas publication we required the quantification of protein abundance for at least several thousand proteins across
three  or more cell-types and/or plant anatomical structures.

Organism Proteome coverage Samples Phosphorylation Citation

Arabidopsis thaliana 13,029 Multiple developmental stages from roots, leaves,
flowers and seeds

No [28]

Arabidopsis thaliana 1995 Six root cell types No [29]
rp as w
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Zea mays 14,165 Aleurone/perica
stages of endosp

Populus tremula × alba 7538 Leaf, root and ste

. Proteome atlas

The extensive sampling required for a comprehensive proteoge-
omic project enables the dual use of the generated peptides for
reation of a proteome atlas, which catalogues protein abundance
hroughout developmental time and/or in response to environ-

ental stimulus. This type of catalogue is relatively common at
he mRNA level, where extensive transcriptional atlases have been
reated for a range of plant species including Arabidopsis thaliana
15,16], barley [17], Oryza sativa [18,19], Medicago truncatula [20],
lycine max  [21], Solanum tuberosum [22], Zea mays [23,24], Rosa
hinensis [25], Vitis vinifera [26], and Lotus japonicus [27]. How-
ver, to our knowledge, there are only a handful of proteome atlas
ublications in plants, which we define as covering at least sev-
ral thousand proteins from three or more cell-types and/or plant
natomical structures (Table 2) [28–31]. Well there are only a hand-
ul of proteome atlas publications there are several web-based
esources including pep2pro [32] and MASCP Gator [33] that aggre-
ate proteome datasets into a single information portal. Finally,
n ideal comprehensive protein atlas would provide proteome-
ide coverage and include multiple developmental stages, for each

rgan, as well as a range of environmental perturbations. While this
s a daunting task, the ability to leverage the generated peptides for
oth proteogenomics, as well as building a protein atlas provides a
onsiderable resource for the scientific community.

. Perspective

Since its inception a decade ago proteogenomics has matured
nto a robust methodology, thanks in large part to rapid advances
n mass spectrometry based proteomics. It is now possible to
eeply sample the proteome identifying millions of mass spectra
nd hundreds of thousands of unique peptides. These unique pep-
ides provide rich fodder not only for genome annotation but also
or building protein atlases. Thus, in an ideal scenario all genome
nnotation pipelines would include proteogenomics and the pro-
eogenomic component would be designed to enable the creation
f a quantitative protein atlas.
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