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ABSTRACT: Remarkable progress continues on the annotation of the proteins
identiﬁed in the Human Proteome and on ﬁnding credible proteomic evidence
for the expression of “missing proteins”. Missing proteins are those with no
previous protein-level evidence or insuﬃcient evidence to make a conﬁdent
identiﬁcation upon reanalysis in PeptideAtlas and curation in neXtProt.
Enhanced with several major new data sets published in 2014, the human proteome
presented as neXtProt, version 2014-09-19, has 16 491 unique conﬁdent
proteins (PE level 1), up from 13 664 at 2012-12 and 15 646 at 2013-09. That
leaves 2948 missing proteins from genes classiﬁed having protein existence
level PE 2, 3, or 4, as well as 616 dubious proteins at PE 5. Here, we document
the progress of the HPP and discuss the importance of assessing the quality of
evidence, conﬁrming automated ﬁndings and considering alternative protein
matches for spectra and peptides. We provide guidelines for proteomics
investigators to apply in reporting newly identiﬁed proteins.
KEYWORDS: Human Proteome Project, HPP metrics, guidelines, high-conﬁdence protein identiﬁcations, neXtProt, PeptideAtlas,
Human Protein Atlas, Global Proteome Machine database (GPMDB), missing proteins, novel proteins

■

INTRODUCTION
The HUPO (www.hupo.org) Human Proteome Project (HPP)
(www.thehpp.org) has two overall goals: (1) stepwise completion of the Protein Parts List, or the draft human proteome,
identifying and characterizing at least one protein product and
as many PTM, SAP, and splice variant isoforms as feasible for
each of the human protein-coding genes;1 and (2) making
proteomics an integrated counterpart to genomics throughout
the biomedical and life sciences community through advances in
instruments, assays, reagents, and proteomics knowledgebases
for identiﬁcation, quantitation, and characterization of proteins
in network context in diverse biological systems.2 The 50 HPP
research teams are organized in the Chromosome-Centric
C-HPP, the Biology and Disease-driven B/D-HPP, and the
Antibody, Mass Spectrometry, and Knowledgebase resource
pillars. This article is part of the third annual special issue of the
Journal of Proteome Research organized by the C-HPP.
The aims of this article are to update progress on goal 1 and the
core databases for the HPP and to provide new guidance for
© XXXX American Chemical Society

ensuring highly conﬁdent identiﬁcation of previously missing
proteins, as well as claims of novel peptides translated from
lncRNAs or pseudogenes.

■

SEPTEMBER 2014 UPDATE OF THE HPP METRICS
The annual cycle for the HPP data has been organized around
regular updates of PeptideAtlas (www.peptideatlas.org) and
neXtProt (www.neXtProt.org), timed to be presented at the
annual HUPO World Congress of Proteomics and used by
the investigators submitting manuscripts to the C-HPP special
issue in Journal of Proteome Research.3−5 These databases,
and complementary databases at GPMDB6 (www.gpmdb.org)
and Human Protein Atlas7 (www.proteinatlas.org), provide
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Table 1. Numbers of Highly Conﬁdent Protein Identiﬁcations in Each of the Major Data Resources as of December 2012,3
September 2013,4 and October 2014a

Dec 2012
Sept 2013
Oct 2014

Chr

neXtProt Protein
Entries

neXtProt PE1
Proteins

Human PeptideAtlas
(1% FDR)

GPMDB EC4 Proteins
(green)

Human Protein Atlas Evidence (high/medium;
now supportive)

All
All
All

20 059
20 123
20 055

13 664
15 646
16 491

12 509
13 377
14 928

14 300
14 869
15 459

10 794
10 976
12 007

a

Metrics speciﬁed in the Call for Papers for this special issue: neXtProt 2014-09-19 protein evidence level PE1 and PeptideAtlas 2014-08 canonical
proteins (1% FDR protein level). Additional data from GPMDB 2014-07-01 and from Human Protein Atlas 2014-11-07. The intersection of 14 730
canonical proteins in PeptideAtlas (version 2014-08) with PE1 level evidence in neXtProt (version 2015-04-28) can be observed or downloaded at
https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas/GetNextProtChromMapping?atlas_build_id=433&protein_evidence_level_constraint=
protein&peptideatlas_constraint=01&redundancy_constraint=on&apply_action=QUERY (see Supporting Information Table S1). The highest
evidence class EC4/color code green in GPMDB can be accessed at http://wiki.thegpm.org/wiki/GPMDB_evidence_codes. GPMDB currently
utilizes ENSEMBL, v76, while PeptideAtlas uses SwissProt as its reference. This top category is based on the set of common peptides that contains at
least one peptide with a higher than minimal scoring distribution in the test for nonrandomness, corresponding to ≤5 observations with skew and
excess kurtosis for the peptide both ≤1.5 or the weighted mean ≤ −5.5. GPMDB also diﬀers from PeptideAtlas in not having a rule of parsimony for
multiple protein matches. An extensive comparison of GPMDB and PeptideAtlas was reported by Farrah et al.40

Table 2. neXtProt Computes a Protein Existence Status Based on Experimental Information from Multiple Types of Studiesa

a
Clear experimental evidence for the existence of the protein. The criteria include partial or complete Edman sequencing, clear identiﬁcation by mass
spectrometry, X-ray or NMR structure, good quality protein−protein interaction, or detection of the protein by antibodies (see text).

chromosome-by-chromosome tabulations and facilitate the
work of the C-HPP teams around the world. These databases
also perform a critical role in subjecting the output from many
laboratories to a standardized reanalysis with well-established
statistical methods for high-conﬁdence, corresponding to 1%
false discovery rate (FDR) at the protein level for PeptideAtlas
(canonical),8 threshold criteria for highest evidence code EC4
(color-coded green) in GPMDB,6 and supportive antibodybased evidence at Human Protein Atlas.7
Table 1 shows the HPP metrics from these databases for 2012,
2013, and 2014, with major progress each year. neXtProt 201409-19 has 16 491 PE1 entries for proteins, with a denominator of
19 439 predicted protein entries from protein existence levels
PE1, PE2, PE3, and PE4 genes (85%), excluding the 616 PE5
entries for dubious proteins, as discussed by Lane et al.4 The
remaining 15% are currently “missing proteins”. As shown in
Table 2 and Figure 1, neXtProt integrates mass spectrometry
and several other types of experimental evidence in curating
the protein entries. neXtProt provides extensive resources
for protein variants and post-translational modiﬁcations plus
advanced search and retrieval tools, such as SPARQL query, as
updated by Gaudet.5 The UniProtKB (www.uniprot.org) release
of 2014-089 contained 13 988 human entries validated at the
protein level, so neXtProt 2014-09-19 had integrated experimental evidence for 2503 additional entries.5 Using mass
spectrometry only, with diﬀerent thresholds, PeptideAtlas 201408 designated 14 928 as canonical (FDR 1% at protein level, with
Mayu adjustment) and GPMDB designated 15 459 as EC4
(green, peptides identiﬁed at least 5 times), whereas Human
Protein Atlas v13 in November 2014 characterized 12 007
proteins with immunohistochemistry/immunoﬂuorescence and
identiﬁed 7024 additional protein entries with transcripts only.
Table 2 shows the protein existence status for all 20 055 entries
in neXtProt, based on integrated information. There are 16 491

Figure 1. Baseline classiﬁcation of protein existence evidence in
neXtProt as of version 2014-09-19, with the red (PE1 entries with
PeptideAtlas MS data), black (PE1 entries with other MS-proteomics
data), and purple (PE1 entries with non-MS protein data together
comprising the PE1 total of 16 491 (see Tables 1 and 2). The yellow
wedge comprises PE levels 2 + 3 + 4, the “missing proteins”, and the blue
wedge represents the PE5 “dubious proteins”.

PE1 entries curated as having conﬁdent protein evidence, 2647
PE2 entries with transcript evidence only, 214 PE3 with extensive
conservation in nonprimate species, 87 PE4 predicted from gene
models often in nonhuman primates, and 616 PE5 genomic
sequences predicting dubious or uncertain proteins.
Figure 1 shows that neXtProt utilizes PeptideAtlas spectral
evidence of peptides in curation of 15 516 of the PE1 proteins
(red wedge); it does not rely upon the PeptideAtlas designation of proteins as canonical. An additional 326 PE1 proteins
B
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Table 3. Chromosome-by-Chromosome Status of the Human Proteome in by Protein Evidence Level in neXtProt 2014-09-19 and
Companion Data on Tissue Expression and Subcellular Localization from Human Protein Atlas 2014-11-07
neXtProt

Human ProteinAtlas

Chr

neXtProt Totals per Chr

PE1

PE2

PE3

PE4

PE5

Protein evidence

Transcript evidence only

No evidence

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
X
Y
MT
Unmapped
All

2056
1232
1071
759
868
1110
936
701
810
760
1319
1031
326
624
602
836
1163
276
1426
550
252
487
1420
47
14
9
20 064

1683
1076
910
647
740
949
743
577
636
627
962
886
278
516
434
701
1011
237
1125
457
180
378
655
25
13
3
16 499

284
127
132
70
105
115
131
68
124
108
291
116
31
81
67
91
117
26
248
78
42
57
125
11
0
3
2648

31
4
10
19
7
10
8
13
9
4
17
4
2
7
12
16
7
2
10
0
4
3
9
4
0
2
214

7
6
2
1
5
4
5
4
6
4
7
3
6
3
1
1
5
1
7
2
0
1
6
0
0
0
87

51
19
17
22
11
32
49
39
35
17
42
22
9
17
38
27
23
10
36
13
26
21
31
7
1
1
616

1229
760
685
442
545
644
567
405
444
495
713
670
205
397
363
538
710
186
800
322
129
279
444
22
4
9
12 007

709
471
346
271
317
357
300
252
299
248
389
328
106
202
230
307
420
91
604
201
64
162
349
22
9
0
7054

138
50
47
54
31
51
50
44
62
28
215
72
18
53
24
30
78
11
77
37
49
9
37
10
0
20
1295

(gray wedge) have MS-based proteomics information from
sources other than PeptideAtlas; this number has decreased from
1071 a year earlier as PeptideAtlas has grown. The purple wedge
of 649 scored PE1 by neXtProt without MS evidence includes
65 validated by Edman sequencing, 313 by biochemical characterization papers (directed mutagenesis, enzymatic assays),
83 by papers about PTMs, 76 by protein−protein interactions,
36 by immunohistochemistry, 35 by experimental 3D structures,
1 by 2D gel electrophoresis, and 40 due to the existence of
commercial antibodies used by HPA (preﬁxed by CAB instead of
HPA in the Human Protein Atlas). Of note, this last criterion,
initially established by UniProt several years ago, has just been
removed from the PE assignment pipeline of UniProtKB and
neXtProt. The yellow wedge of 2948 is the combination of PE
levels 2, 3, and 4, for which evidence of transcript expression or
expression of homologues in other species provides guidance to
appropriate tissue specimens for proteomic studies. Finally, the
blue wedge has the 616 PE5 dubious protein entries.
Table 3 shows the PE status of proteins chromosome-bychromosome from neXtProt 2014-09-19 to guide the C-HPP
teams’ search for missing proteins and from Human Protein Atlas
2014-11-07 to show details of tissue expression and subcellular
localization. Corresponding chromosome-by-chromosome tabulations appear in GPMDB and PeptideAtlas. Of course, the numbers of identiﬁed and missing proteins continue to be moving
targets as new studies are conducted and data sets are shared
through ProteomeXchange10 for systematic review and standardized reanalysis. There are periodic updates of all of the databases, including the UniProt/SwissProt curation process that feeds
into neXtProt, with lags between and across the databases.

It is important to recognize that a considerable fraction of
the total predicted proteins may not be detectable with mass
spectrometry based on tryptic peptides. From some protein
sequences, no tryptic peptides suitable for detection in the mass
spectrometer can be generated; for peptides from highly
homologous proteins, the protein matches may be indistinguishable, leading to choice of just one as a representative protein
under rules of parsimony (e.g., for PeptideAtlas, see Deutsch
et al.,8 this issue); for hydrophobic proteins embedded in
membranes, special solubilization steps may be required; for
genes with no detectable transcripts in human specimens (PE
levels 3, 4, 5), it is very unlikely that proteins will be found in
those specimens; many proteins may be expressed at levels below
the detection limit of the methods, putting a premium on
enrichment of sample fractions and sensitivity of analysis, and
some proteins may be expressed only in unusual tissues or times
of life or upon induction by infection or inﬂammation or other
important biological processes.

■

MAJOR NEW DATASETS PUBLISHED IN 2014
We highlight here four major data sets subjected to the standard
HPP reanalysis by PeptideAtlas and by GPMdb: multiprotease
digestion to overcome limitations of trypsin, using HeLa cells11;
proteomics studies from CPTAC/TCGA/NCI/NIH for colon
and breast cancers (http://cancergenome.nih.gov); a Human
Proteome Map from Kim et al. (Pandey lab),12 PXD000561; and
a Draft Human Proteome from Wilhelm et al.13 (Kuster lab),
PXD000865. Kim et al.12 and Wilhelm et al.13 set a ﬁne example
by making their extensive experimental data sets publicly
available for reanalysis and focused studies.
C
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As presented in detail by Deutsch et al.,8 these data sets
generated large increases in distinct peptides but much smaller
increments in high-conﬁdence canonical protein identiﬁcation
in PeptideAtlas. In PeptideAtlas 2014-08 there are successive
increments of 541, 591, 231, and 2 proteins for the CPTAC, Kim
et al.,12 Wilhelm et al.,13 and Guo et al.11 data sets, respectively.
With the 2015-05 PeptideAtlas revised criteria, these data sets
contributed 516, 377, 110, and 4 additional proteins, respectively
(Deutsch et al.,8 Figure 1).
The use of various combinations of 1 to 3 of seven proteolytic
enzymes (ArgC, AspN, GluC, Lys-C, chymotrypsin, elastase,
trypsin) signiﬁcantly increased protein sequence coverage at 1%
protein FDR. However, as just noted, only very few previously
undetected proteins were identiﬁed.11
The National Cancer Institute Clinical Proteomics Tumor
Analysis Consortium (CPTAC) publicly released proteomic data
produced from TCGA colorectal tumor samples in 201314 and
from breast tumor specimens in 2014 [weblink above], with a
very substantial increment in protein identiﬁcations as already
noted. Findings from colon and breast were incorporated into
PeptideAtlas 2014-08 and thereby into neXtProt 2014-09-19.
Subsequently, results from high-grade serous ovarian cancer
samples were announced for release, which have been included in
PeptideAtlas 2015.8
Kim et al.12 analyzed 30 normal samples: 17 adult and 7 fetal
tissues plus 6 hematopoietic cell types. All mass spectrometry was
performed in one lab with Orbitrap Elite and Velos instruments
and SEQUEST and MASCOT search engines. Full data were
made available via ProteomeXchange as Human Proteome Map
(PXD000561). Peptide evidence was matched to 17 294 of
20 687 protein-coding genes (82%), including 2535 of the HPP
3844 then-missing proteins in the 2013 version of the HPP
proteome map;4 1537 had expression in only one of the
30 specimens; 735 genes were expressed 10-fold in fetal samples
compared with adult tissues and cells. Protein coexpression
predicted protein−protein interactions better than transcript
coexpression. Splice isoform-speciﬁc peptides were noted for
2861 protein isoforms from 2450 genes. Western blots using
antibodies against 32 proteins gave tissue-speciﬁc matches only
for 8. Extensive proteogenomic analyses deduced matches to
9 noncoding RNAs, 140 pseudogenes, 44 ORFs, and various
N- and C-terminal sequences. Subsets of these results were
published as part of the C-HPP 2014 Journal of Proteome Research
special issue by Pinto et al.15 for chromosome 22 and by Manda
et al.16 for chromosome 12.
There are some major surprises in the Kim et al.12 study. First,
quite lax ﬁlters were employed to control false-discovery, 1% for
25 million PSM, 1% for 293 000 peptides, and no FDR ﬁlter at all
for proteins. A match with either search engine was considered to
be suﬃcient. Second, a minimal peptide length of 6 aa was accepted.
Many protein matches were based on a single peptide. Third, no
comparative analysis using standard HPP metrics was employed, and
unlikely identiﬁcations were not scrutinized closely for alternative
explanations of the spectral and peptide matches. [See below.]
Wilhelm et al.13 reported evidence for 18 097 of 19 629
SwissProt protein-coding genes (92%). The publicly available
data (PXD000865) at ProteomicsDB are from their own analyses
of 60 tissues, 13 body ﬂuids, 147 cell types, and 1300 aﬃnity
puriﬁcation assays (40%), while their analysis included 60% from
extremely heterogeneous literature and repositories imported
into their ProteomicsDB database. They claimed identiﬁcation
of 97% of 13 378 PE1, 84% of 5531 PE2, 52% of 159 PE3, 64% of
72 PE4, and even 56% of 489 PE5 entries. They used 1% FDR for

1.1 billion PSM, 5% FDR for peptides (minimal length 7 aa), and
no FDR for proteins, although they did deploy an early version of
their picked target-decoy approach comparing pairs of observed
and decoy sequences, now published17 (see below). They chose to
protect against true-positives being removed. They did not
compare their 40% of the data with the miscellaneous 60% or
with the Kim et al.12 single-lab results, PeptideAtlas, or neXtProt.
Andromeda and MASCOT were used as search engines; a “hit”
with either was considered to be suﬃcient to claim a protein match.

■

A NEW PHASE FOR THE HUMAN PROTEIN ATLAS
Version 13 of the HPA was released on 7 November 2014,
presenting a tissue-based map of the human proteome and a hard
copy poster in Science magazine obtainable from www.
proteinatlas.org. The Tissue-based Map of the Human Proteome
appeared in Science on 23 January 2015,7 with extensive annotations for tissue-elevated, secreted, membrane-spanning, housekeeping, regulatory, druggable, cancer, cell line, isoform, and
metabolism-related proteomes based on immunohistochemical
studies of 44 tissues and RNA sequencing results for 32 of the
tissues. Investigators annotating missing proteins can search
HPA for spatial protein expression data on a single-cell level. The
tissues with the most mRNAs highly enriched (at least 5× the
levels in all other tissues) are testis (999) and brain (318). Several
tissue-speciﬁc HPA publications have been published, and more
are expected during 2015 with tissue-speciﬁc immunohistochemical and transcript evidence to guide specimen selection for
further MS studies, for example, describing the brain,18 liver,19
testis,20 kidney,21 pancreas,22 skin,23 adipose tissue,24 gallbladder,25
lung,26 gastrointestinal tract,27 and cardiac and skeletal muscle.28
HPA, v14, will be released in Fall 2015 along with a novel Rodent
Brain Atlas comprising immunoﬂuorescently stained wholemouse-brain sections. This provides an in-depth view of protein
expression in the specialized cells of the mammalian brain and
serves as a complement to the limited human brain tissue
samples in HPA. HPA also continues to strive toward high-level
validation now in terms of colocalization analysis with GFPtagged human proteins at endogenous levels. At the C-HPP
Workshop and EuPA annual meeting in Milan 23−28 June 2015,
the Knockdown Initiative was launched under the auspices of
HPA, EuPA, and HUPO/HPP. It is a private−public partnership
for systematic exploration of antibodies utilizing siRNA and
other gene-editing methods to validate the antibody speciﬁcity.
PrEST antigens are now being utilized in mass spectrometry
studies;29 further collaborations across antibody proﬁling
and MS would enhance the conﬁdence of ﬁndings from both
approaches. Such a study has been initiated with Yamamoto and
colleagues (unpublished, personal communication) on the
human kidney glomerulus.

■

MEANS OF ENHANCING THE CONFIDENCE AND
CREDIBILITY OF PROTEIN IDENTIFICATIONS,
ESPECIALLY FOR PREVIOUSLY MISSING PROTEINS
The HPP investigators at a series of workshops and at the
HUPO2014 World Congress have given major consideration to
the reasons why some gene products have no credibly detected
transcripts or proteins. There are many reasons why the gene
may not be transcribed, the transcript may not be translated, the
protein may not be abundant enough or solubilized suﬃciently,
or the protein may not be detectable by trypsin-based mass
spectrometry or with antibody-based immunohistochemistry or
immunoﬂuorescence.
D
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of the upper nasal passages. No proteomic analyses of such
specimens are yet available.
Beavis reported in GPMDB (2014-07-01) an interesting metaanalysis on the 53 Y chromosome-speciﬁc genes, which would be
expected to be expressed only in males. Kim et al.12 claimed to
ﬁnd 32 Y-gene protein products in the ovary specimen. Wilhelm
et al.13 reported 7 such predicted proteins expressed in ovary. In
this case, it is a simple process to exclude Y-chromosome proteins
from the FASTA ﬁle used for female samples or to remove them
from the results postanalysis. Many of the identiﬁcations were
based on single peptides, making them indistinguishable in light
of homologous sequences. As of May 2015, GPMDB reports
only 45 Y-chromosome genes, of which all but 5 may have
homologous X-chromosome genes. Such probes of big data
sets give a useful sampling of the likely credibility of automated
peptide and protein matches and reveal the need for special
scrutiny as we search for the remaining missing proteins.
From the point of view of HPP, all investigators have an
opportunity to process their MS ﬁndings through the TransProteomic Pipeline (with Mayu adjustment for large data sets35)
developed for PeptideAtlas and the X!Tandem pipeline developed for GPMDB. It would have been helpful if Kim et al.12 and
Wilhelm et al.13 had reported ﬁndings with the consensus FDR
thresholds as well as their own preferred methods and then did a
deep dive on the quality of the evidence and the potential
alternative matches for the diﬀerentially identiﬁed proteins.
Independent reanalyses by PeptideAtlas and GPMDB and also
Tress, Ezkurdia, and colleagues in Spain (presented at US HUPO
March 2015) generated about 13 000 to 14 000 high-quality
protein matches from each of these large data sets. Conversely,
when Beavis used the ﬁlters of Wilhelm et al.13 on the very large
GPMDB database,6,36 he obtained matches for 97% of the
predicted proteome. Similar very high numbers, of course, can be
obtained by using the yellow and red classes of ﬁndings in
GPMDB, rather than just the high-conﬁdence GPMDB green
class included in the successive annual metrics papers from
the HPP (Table 1), or the ambiguous and redundant entries in
PeptideAtlas.
Cox37 applied a MaxQuant-based two-tier decoy-based
ﬁltering method with FDR control of PSMs and protein groups,
calculating a posterior error probability (PEP) for each PSM and
generating a protein group FDR. Priority is given to matches to
validated SwissProt/neXtProt entries over claims of novel and
unconventional protein translation. On ﬁrst pass, Cox obtained
13 242 protein groups from Kim et al.,12 which was reduced to
11 206 when matched to Ensembl38 genes. He did not ﬁnd a
single olfactory receptor at 1% protein FDR.
Finally, the Kuster lab17 published a reassessment of their own
Wilhelm et al.13 analysis. First they claimed that the classical
target-decoy method for protein FDR eliminates a very high
percentage of true positives in large heterogeneous data sets;
however, no such phenomenon has been seen in PeptideAtlas
or in GPMDB. More remarkably, their reanalysis of their own
data in ProteomicsDB yielded only 14 714 (instead of 18 097
reported by Wilhelm et al.12), only modestly more than the
classic FDR method (even without Mayu adjustment) at 14 035.
When they compared with methods for the combined data sets
(Kim et al.,12 Wilhelm et al.13), the results were 15 375 versus
14 638.
A biologically informed assessment of the picked target-decoy
results might begin by asking about the credibility of the 200
olfactory receptor proteins or the large number of pseudogene
translated products reported in Wilhelm et al.13

With regard to missing proteins, when routine search engine
matches identify peptide sequences from spectra and protein
matches from peptide sequences that no other investigator has
observed, there should be stringent criteria for conﬁrmation
and acceptance of those matches and reports of the ﬁndings.
Scrutinizing the detailed features of the spectra and the match to
one or more peptide sequences comes ﬁrst. Missing peaks or
additional peaks must be accounted for. Alternative explanations
for a ﬁrst-ever-observed peptide match, especially for relatively
short peptides, must be considered. If a single amino acid
diﬀerence due to a SNP would permit the match to a common
peptide from an abundant protein, then that should be considered a more probable match than a once-ever match. Sometimes only a single reference proteome is used for searches, as in
the case of RefSeq30 by Kim et al.,12 when multiple novel matches
already existed in UniProt/SwissProt/neXtProt. In some cases,
the reference protein is itself an SAAV or splice variant, and the
common form of the protein is proposed to be a novel ﬁnding.
Another major alternative explanation involves PTMs, which
may produce exact or nearly exact m/z values for a common
peptide otherwise attributed to a novel peptide. See examples
below from the proteogenomics analyses of Nesvizhskii31 and
from the deep dives in PeptideAtlas by Deutsch et al.8 involving
transferrins, actins, keratins, and even porcine trypsin.
A matter of general interest is the analysis of families of
proteins with high sequence similarity; these account for many of
the indistinguishable representative and marginally distinguished
matches in PeptideAtlas and all other databases and experimental
data sets. For many years, the common practice has been to
select one representative protein from a protein family for which
available peptides do not distinguish the matches. Diﬀerent
researchers and diﬀerent search engines make diﬀerent choices
without suﬃciently considering this category of overcounting.
This biological feature may make such missing proteins unidentiﬁable, unless truly uniquely mapping or proteotypic
peptides can be found to diﬀerentiate the family members.
A biological interest in particular sets of genes and proteins can
guide a series of deep dives on newly identiﬁed protein matches.
For example, Ezkurdia et al.32 promptly examined the Kim et al.12
and Wilhelm et al.13 data sets for the surprising claims of 108 and
200 olfactory receptor genes expressed as proteins, respectively.
Ezkurdia et al.32 examined all of the spectra provided for these
proteins and declared none to be suﬃcient to justify the peptide
and protein identiﬁcations. For Kim et al.,12 40 matches were
ambiguous and the other 68 had poor spectra. In Wilhelm et al.,13
OR6J1 had 8 spectra, none of which survived manual inspection.
Deutsch et al.8 (this issue) concluded that no olfactory receptor
proteins have been credibly identiﬁed thus far, including two that
were in previous versions of PeptideAtlas.
Our search of GPMDB for olfactory receptor turned up
36 pages of results, covering 718 proteins from 425 distinct
entries. There are six green (good quality) proteins, ﬁve of which
are based on single, small, low-complexity peptides that can be
assigned to other proteins. For instance, OR1M1’s peptide
ILVAIMK can be assigned just as well to LIVALMK (from
the abundant protein annexin A5). Another ﬁnding involves
OR51E2, which has multiple observations of a single peptide,
GSLFFFPLPLLIK from a single study of seminal plasma.33 The
spectra are high-quality. Further search revealed that an older
gene symbol for OR51E2 is PSGR, a prostate cancer-speciﬁc
G protein-coupled receptor.34 The most likely cell types to
transcribe and translate olfactory receptor genes lie in the
olfactory cortex of the brain and possibly the olfactory epithelium
E
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proteins in neXtProt with the number of canonical proteins in PeptideAtlas is complicated by the additional
categories of indistinguishable representative (ambiguous) and indistinguishable or marginally distinguishable
(redundant) in the new PeptideAtlas as well as inclusion of
immunoglobulins from SwissProt and a few highly rated
proteins from IPI in PeptideAtlas. From this vantage
point, there are 14 012 entries that are PE1 in the neXtProt
2015-05 and have at least two proteotypic peptides of
≥9 aa; that means there are 2675 proteins that are PE1 but
would not comply with this criterion (Supporting
Information Table S4). They may have only one MS
peptide and/or be validated by other techniques, as
explained in Table 2 and Figure 1.
Discussions by the HPP Executive Committee were
supportive of such thresholds with higher quality and
fewer false-positives. Having a more stringent threshold at
PeptideAtlas than at neXtProt is understandable and useful, as raw data ﬁles submitted through ProteomeXchange
are reanalyzed at PeptideAtlas and available for scrutiny.
Then, neXtProt uses those identiﬁed peptide sequences,
together with other sources of curated information about
the proteins, to rank evidence of protein existence in the
PE1−5 system shown in Tables 2 and 3. neXtProt does
not rely upon the protein classiﬁcation in PeptideAtlas.
Investigators seeking information about their own peptide
ﬁndings can search PeptideAtlas by peptide and then see
whether the claimed uniquely mapping peptides were of
suﬃcient quality and uniqueness to generate a canonical or
indistinguishable protein match in PeptideAtlas and then
PE1 status in neXtProt.
The HPP-EC also supports use of orthogonal methods
to conﬁrm peptide identiﬁcations, especially the proteomewide resources of SRM peptides, spectral library, and SRM/
PASSEL knowledgebase developed under the aegis of the
B/D-HPP and the related methods of SWATH-MS. Several
authors in this Journal of Proteome Research special issue
have utilized SRM and/or synthetic peptide spectral
matching to conﬁrm ﬁndings of missing proteins.
(3) During data analysis, it is not acceptable to exclude protein
sequences expected to be present in the sample, thereby
reducing the search database to be searched to those missing.
Matching only to missing protein sequences means that
more credible matches to known proteins will be missed.
The Spanish chromosome 16 team provided a valuable
example for all the chromosome teams by annotating the 108
missing proteins coded by genes on Chr 16, using standard
sources for prediction of transmembrane motifs, signal peptide,
protein domains, and protein families. They compared ﬁndings
in neXtProt, PA, and GPMDB, noting 16 proteins ranked high in
GPMDB that were missing in PA and neXtProt. They also
estimated the probability of ﬁnding a missing protein in a given
cell type/tissue from analyses of >3000 transcriptomic experiments in cells, normal tissues, and cancers. They shared a workﬂow for MS data analysis. They oﬀered to give other chromosome teams a head start with a preliminary similar tabulation, as
will be discussed at HUPO2015 in Vancouver.

The HPP decision at HUPO 2013 to put aside the PE5 class
of dubious proteins was an explicit action to direct priority to
PE2−3−4 genes, especially PE2 genes with evidence of transcript expression in various human tissues suitable for focused
proteomic studies by both MS and antibodies. With regard to
PE5, many of which are classiﬁed as pseudogenes or lncRNAs, we
sought to raise the bar for evidence claiming protein existence in
the absence of transcript expression and with dubious or
uncertain status for the predicted proteins themselves. neXtProt
has recently submitted 10 PE5 proteins to SwissProt curators for
consideration of reclassiﬁcation. We recommend careful scrutiny
of claims of protein expression from PE5 genes, preferably with
orthogonal experimental methods like SRM or SWATH and
with examination of alternative database matches.

■

A PROPOSAL TO STRENGTHEN THE GUIDELINES
FOR CLAIMS OF FINDINGS OF MISSING PROTEINS
Kim et al.12 and Wilhelm et al.13 leaders Pandey and Kuster have
challenged the use of protein FDR for very large heterogeneous
data sets. We concluded that more detailed guidance on conﬁrming potential protein matches from mass spectrometry is
needed.
On behalf of the HPP Knowledgebase Resource Pillar, Eric
Deutsch at PeptideAtlas has proposed the following more demanding guidelines for acceptance of any initial claim of identiﬁcation
corresponding to a previously unobserved protein sequence. See the
PeptideAtlas 2015 paper,8 which documents the eﬀects of applying
the new guidelines to the entire 2014-08 PeptideAtlas.
(1) Individual data sets must be thresholded at 1% protein
FDR, as now. In addition, estimate the peptide and PSM
level FDRs and clearly state them in the paper, with the
numbers of proteins, peptides, and spectra that passed and
failed the thresholds, compared with number of novel
“hits”. As discussed below, large-scale heterogeneous data
sets require a modiﬁcation of the target-decoy FDR.
(2) Raise the minimum threshold to two uniquely mapping
peptides of nine or more amino acids and make the spectra
publicly available. There could be exceptions for proteins
that simply do not generate two uniquely mapping peptides upon tryptic digestion for mass spectrometry. In
PeptideAtlas, there are many short peptides of 7 or 8 aa
length that yield a high-quality Mascot score, often without many peaks, which may be wrong or may be explained
better by other protein matches. Kim et al.12 and Wilhelm
et al.13 accepted peptides of 6 or 7 aa, respectively.
neXtProt, led by Lydie Lane and Amos Bairoch,
participated in discussions and analyses of the proposed
new threshold. neXtProt has chosen for its 2015-03 update
to utilize a threshold of two uniquely mapping peptides of
7 or more amino acids in length or one such peptide with 9
or more amino acids in length. Only 20 neXtProt 2014-09-19
proteins were excluded with these new neXtProt criteria;
basically, there were 20 with only one proteotypic peptide
of 7 or 8 aa (listed in Supporting Information Table S2).
The revised PeptideAtlas criteria are much more stringent;
432 proteins that are validated with neXtProt’s new criteria
would not be validated if neXtProt used the PeptideAtlas
criteria of two peptides ≥9 aa (see Supporting Information
Table S3). Most of the decrease in canonical proteins in
the PeptideAtlas update of 2015-03 is due to downgrading
a signiﬁcant number of canonical matches to “weak” in
the new scheme.8 Directly comparing numbers of PE1

■

PERSPECTIVES FROM PROTEOGENOMICS ON
QUALITY OF PROTEIN MATCHES
Nesvizhskii31 discussed the challenge of false positives in
proteogenomics studies that seek to identify novel peptides,
i.e., peptides not present in the major reference protein sequence
F
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databases: RefSeq,17 UniProt,7 and Ensembl.2 He also provided
guidelines for analyzing the data and reporting the results
of proteogenomics studies in the literature. Most importantly,
when searching custom protein databases that include predicted
protein sequences, data ﬁltering and FDR estimation (e.g., using
the target-decoy strategy) should be done separately for novel
and known peptides (referred to as class-specif ic FDR). An
alternative solution that also helps to ensure more accurate
FDR estimates for novel peptides is to search custom protein
databases as a second step in the analysis using spectra that
remain unidentiﬁed after the initial search against a reference
protein sequence database.
A second issue is speciﬁcally related to the identiﬁcation of
novel peptides that are highly homologous to peptides in a
reference protein sequence data set. Note that this is the case for
the majority of novel peptides in the pseudogene category.
The rates of false identiﬁcations of homologous peptides are
likely to be underestimated by all decoy database methods.
All identiﬁcations of novel peptides with a high sequence
homology (e.g., less than three amino acid diﬀerence) should
be removed or at least scrutinized for alternative, more likely
explanations.
A common problem is false identiﬁcation of a novel peptide
based on a spectrum for a chemically modiﬁed highly abundant
peptide ion with a mass shift equaling the mass diﬀerence between the novel and unmodiﬁed known peptide. For example,
Wilhelm et al.13 reported the identiﬁcation of a peptide
LATQLTGPVMPIR from a pseudogene sequence. However,
this peptide is highly similar to peptide LATQLTGPVMPVR
(V-to-I substitution; mass shift of ∼14 Da) from a highly
abundant ribosomal protein, RPL13. In this case, methylation on
the neighboring arginine residue introduces a similar mass shift,
and this modiﬁcation is a more likely event than the identiﬁcation of a pseudogene peptide. Of course, isoleucine/leucine
substitutions cannot be distinguished using mass spectrometry
and thus should not be reported as identiﬁcations of single amino
acid variants, as was done in Zhang et al.14
When estimating protein-level FDR, it is important to keep in
mind that the conventional target-decoy estimation strategy may
not provide accurate estimates when the number of identiﬁed
proteins is a high proportion of the target protein sequences in
the searched protein sequence database. Instead, FDR can be
estimated using the adjusted decoy counts with R-factor
correction,39 with a picked FDR strategy,17 or with the MAYU
method, as in the Trans-Proteomic Pipeline of PeptideAtlas.
Each of these methods will be less stringent than the 1% FDR by
target-decoy.
We have concluded that missing and novel proteins require
higher stringency. Following the Nesvizhskii advice to utilize
class-speciﬁc FDR, that approach could be applied to the different PE classes from neXtProt (PE 2+3+4; PE 5) for missing
proteins analyses, after removing the PSMs and peptides that
match to PE1 proteins. For novel peptides, possibly arising from
PTMs or splice variants or lncRNAs, a similar separate analysis is
desirable. We expect these matters to be a major topic of
discussion throughout this year, including the HPP Workshop at
the Vancouver HUPO2015 Congress.

and highly recommends community-wide use of standardized
reanalysis pipelines, attention to the enhanced guidelines
proposed here, and conﬁrmation of novel ﬁndings with SRM
and SWATH-MS methods. When investigators prefer other
thresholds, we strongly encourage comparison with the thresholds in the HPP guidelines.
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Table S1: Intersection of canonical proteins in PeptideAtlas with
Protein Evidence levels in neXtProt. The intersection of 14 730
canonical proteins in PeptideAtlas (version 2014-08) with PE 1
level evidence in neXtProt (version 2015-04-28) is tabulated
here, as of 2015-06-30. Table S2: 20 PE 1 protein entries
removed between neXtProt 2014-09-19 and institution of new
criterion of two peptides of ≥7 aa OR one peptide of ≥9 aa by
neXtProt, as of 2015-05. The diﬀerence is due to matches with a
single peptide of only 7 or 8 amino acids. Table S3: 432 PE 1
protein entries diﬀerent between the 2015-05 neXtProt criteria
and the criteria for the 2015-03 build of PeptideAtlas, using “two
peptides ≥9 amino acids” as criterion for canonical in PeptideAtlas.
The stringency results primarily from the requirement for two
peptides, whereas neXtProt can validate with only one uniquely
mapping peptide of at least 9 aa. Table S4: 2675 PE1 protein entries
in neXtProt not found among the 14 012 canonical proteins of
PeptideAtlas 2014-08 updated with 2015-03 PeptideAtlas criteria
of two peptides ≥9 aa. They may have only one MS peptide and/or
be validated by other techniques, as explained in Table 2 and Figure
1. The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jproteome.5b00499.
Up-to-date ﬁndings for each of the PE classes can be observed or
downloaded at https://db.systemsbiology.net/sbeams/cgi/
PeptideAtlas/GetNextProtChromMapping?atlas_build_id=
433&protein_evidence_level_constraint=protein&peptideatlas_
constraint=01&redundancy_constraint=on&apply_action=
QUERY.
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CONCLUDING REMARKS
neXtProt, version 2014-09-19, was chosen as the baseline for
the 2015 cycle of papers from the C-HPP teams and other
authors. The HPP strongly encourages full sharing through
ProteomeXchange of all data sets and accompanying metadata
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