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Peptide mass fingerprinting (PMF) has become one of the most widely used methods for rapid identifi-
cation of proteins in proteomics research. Many peaks, however, remain unassigned after PMF analysis,
partly because of post-translational modification and the limited scope of protein sequences. Almost all
PMF tools employ only known or predicted protein sequences and do not include open reading frames

K?J’_WOTdS-' ) (ORFs) in the genome, which eliminates the chance of finding novel functional peptides. Unlike most

glombfmma““ tools that search protein sequences from known coding sequences, the tool we developed uses a database
atabase for theoretical small ORFs (tsORFs) and a PMF application using a tsORFs database (tsORFdb). The

ORFeomics . . .

Peptide Mass Fingerprinting tsORFdb is a database for ORFeome that encompasses all potential tsORFs derived from whole genome

Proteomics sequences as well as the predicted ones. The massProphet system tries to extend the search scope to

SORFs (Small Open Reading Frames) include the ORFeome using the tsORFdb. The tsORFdb and massProphet should be useful for proteomics

research to give information about unknown small ORFs as well as predicted and registered proteins.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Matrix-assisted laser desorption/ionization-time-of-flight-
mass spectrometry (MALDI-TOF-MS) is routinely used for efficient
protein identification by peptide mass fingerprinting (PMF) [1-5].
PMF compares the observed peptide mass peaks with theoretical
masses from the protein sequence databases. PMF tools available
on the web include Mascot (http://www.matrixscience.com/
search_form_select.html), Aldente (http://www.expasy.org/tools/
aldente/), ProFound (http://prowl.rockefeller.edu/) [6], PepMAPPER
(http://www.bioinf.manchester.ac.uk/mapper/), and ProteinPro-
spector (http://prospector.ucsf.edu/). Even with these elaborate
tools, however, many peaks remain unassigned after PMF analysis
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partly because of post-translational modifications and the limited
scope of protein sequences.

UniProtKB/Swiss-Prot (http://www.expasy.org/sprot/) [7], the
most widely used database of protein sequences for PMF, only in-
cludes experimentally verified proteins. This limited scope can be
alleviated by including translated proteins from predicted genes
and/or expressed sequence tags (EST’s). According to human gen-
ome annotation, non-coding genomic regions account for 98-99%
of the human genome [8].

Computational prediction of eukaryotic gene structure is crucial
for the assessment of genome contents. There are two main catego-
ries in the current gene prediction programs: de novo predictors
and expression-based predictors [9]. However, these are not suffi-
cient for complete genome annotations. The number of protein-
coding genes encoded in the eukaryotic genomes is still unknown.
GENECODE, which seeks to identify all protein-coding genes, is an
important sub-project of ENCODE (the Encyclopedia of DNA Ele-
ments) (http://www.genome.gov/10005107) [10].

Recently, peptides encoded by small (or short) functional ORFs
(sORFs) were shown to control differentiation and development,
and were defined as a new eukaryotic gene family [11-13]. One
problem for current databases of protein sequences for PMF is the
fact that initial annotation of the genome included only experimen-
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tally verified information, and therefore sORFs encoding functional
proteins were largely missed [14,15] and were only considered fol-
lowing detection of expression [16-20]. Like the phenotypic conse-
quences of gene disruption, large numbers of sORFs have not been
assessed, and sORFs are underrepresented in genomic and proteo-
mic databases, libraries, and other collections [11].

A major challenge of biological science is elucidating the inter-
actions of cellular networks. The underlying complexity arises
from intertwined non-linear and dynamic interactions among
large numbers of biological molecules, such as genes, proteins,
and metabolites, either known or unknown. The reductionism
has successfully identified many components and many interac-
tions. However, many questions remain unanswered. How many
components have not yet been characterized? Recently, peptides
encoded by sORFs were shown to play key roles in various biolog-

ical processes. Recent genome annotation included only those re-
gions consisting of at least 100 contiguous codons, and therefore
sORFs encoding functional peptides were largely missed and were
only considered following detection of expression.

Deciphering the biological big picture is one of the main goals in
the life sciences. In proteomic research, the current big picture in-
cludes many blanks, because current proteomic research focuses
on the “usual suspects,” such as well-known proteins. Perhaps,
some of these blanks are unknown sORFs. In order to fill in the
blanks, in proteome research, we propose here a new conceptual
approach and method. A database for all potential tsORFs from
the whole genome sequence and a PMF application using this data-
base were designed and constructed. For the PMF application, an
optimized scoring solution was implemented. With this new con-
cept and method, we sought a verification method using theoreti-
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Fig. 1. tsORFdb construction. Each chromosome nucleotide sequence file was downloaded from the UCSC genome bioinformatics site. Processing tsORFs involves the
following steps: (1) six reading frame sequence generation from 5’ to 3’ direction and from 3’ to 5’ direction, (2) six-frame translation of each chromosomal nucleotide
sequence regardless of gene structure, (3) generating peptide sequences using termination codon, and (4) identifying initiation sites and alternative initiation sites from each

peptide sequence to derive potential tsORFs.
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cal identification of known sORFs. This research extended the
search to include all potential tsORFs from the genome map, the
tsORFdb, and developed a web-based PMF application using a
database for all potential tsORFs, the massProphet system. The re-
sults helped identifying previously unknown sORFs in proteomic
research.

2. Materials and methods
2.1. Data source

Whole genome sequences data were downloaded from the Uni-
versity of California Santa Cruz (UCSC) genome browser database
(http://genome.ucsc.edu/) [21]. Human (Homo sapiens) whole gen-
ome data were released in March 2006 (hg18). Mouse (Mus muscu-
lus) whole genome data were released in July 2007 (mm9). Fruit fly
(Drosophila melanogaster) whole genome data were released in
April 2006 (dm3). Yeast (Saccharomyces cerevisiae) whole genome
data were released in October 2003 (sacCer1).

2.2. tsORFdb design and implementation

The existing tools for PMF offer only known protein identifica-
tions because these tools use known coding region sequences such
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as (known or predicted) protein, short cDNA, and EST’s. To surpass
the limits of existing PMF tools, tsORFdb was designed and con-
structed to include all tsORFs from whole genome sequences.

All potential tsORFs derived from whole genome sequences
downloaded from the UCSC genome browser database. Processing
tsORFs included the following steps (Fig. 1) on each chromosome
files:

Step 1: six-frame translation of each chromosomal sequence was
performed regardless of gene structure;

Step 2: peptide sequences were separated according to the termi-
nation site; and

Step 3: initiation sites and alternative initiation sites from sepa-
rated peptide sequences were identified, and potential
tsORFs were derived.

We note that a leucine can be an alternative start codon [22,23];
genetic codes for tsORFdb and non-ATG initiation codon lists are
provided in Supplementary Material 1. For example, if a separated
peptide sequence was:

‘LcVrMIsphyvrvevrscfcepnrehccepvalsarreisaylnekfssvgrrtap
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Fig. 2. Schematic process of massProphet scoring. The massProphet scoring algorithm includes the following steps: (1) tracing the origin tsORF for the search result of each
peptide mass fingerprint, (2) classifying the search results by tsORF origin, and (3) match ratio score (mrs) calculation for each class.
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‘Levrmlisphyvrvevrscfcepnrehccepvalsarreisaylnekfssvgrr-
taprhth
shicrntttyetnvastqakpenphfldllsvprlisslfitlstgtqyqdhnqqlql*

[2] the second initiation site to the termination site:

‘Vrmlsphyvrvcvrscfcepnrehccepvalsarreisaylnekfssvgrrtaprhth-
shicrntttyetnvastqakpenphfldllsv prisslfitlstgtqyqdhnqqlql™

[3] the third initiation site to the termination site:

‘Mlsphyvrvcvrscfcepnrehccepvalsarreisaylnekfssvgrrtaprhth-
shicrntttyetnvastqakpenphfldllsvprl sslfitlstgtqyqdhnqqlql™

[4] the fourth initiation site to the termination site:

‘Lsphyvrvcvrscfcepnrehccepvalsarreisaylnekfssvgrrtaprhth-
shicrntttyetnvastqakpenphfldllsvprisslfitlst gtqyqdhnqqlql®

[5] the fifth initiation site to the termination site:

‘Vevrscfcepnrehccepvalsarreisaylnekfssvgrrtaprhthsh
icrntttyetnvastqakpenphfldllsvprlsslfitlstgtqyqdhnqqlql®

[6] the sixth initiation site to the termination site:

‘Vrscfcepnrehccepvalsarreisaylnekfssvgrrtaprhthshicrntttyetn-
vastqakpenphfldll svprlsslfitlstgtqyqdhnqqlql*

[7] the seventh initiation site to the termination site:

‘Valsarreisaylnekfssvgrrtaprhthshic
rntttyetnvastqakpenphfldllsvprisslfitlstgtqyqdhnqqlql™

[8] the eighth initiation site to the termination site:

‘Lsarreisaylnekfssvgrrtaprhthshicrntttyetnvastqak-
penphfldllsvprl sslfitlstgtqyqdhnqqlql™

[9] the ninth initiation site to the termination site:

‘Vastqakpenphfldllsvprlsslfitlstgtqyqdhnqqlql™

[10] the last initiation site to the termination site:‘Llsvprlisslfitl
stgtqyqdhnqgqlql®

(Capital letters indicate initiation and alternative initiation
sites. “*” indicates a termination site.).

The current version of the tsORFdb includes human, mouse,
fruit fly, and yeast. The minimum and maximum tsORF lengths
of each species are provided in Supplementary Material 2.

2.3. massProphet system design and implementation

The massProphet system consists of two components: [1] theo-
retical mass fingerprint derived from tsORFdb, and [1] scoring
algorithm for assessing the significance of hits.

For each tsORF theoretical peptide masses were calculated from
all possible peptide fragments based on the trypsin cleavage rules.
The current version of massProphet includes tryptic digested theo-
retical mass fingerprints, and post-translational modification was
not incorporated into the calculation of molecular weights.

Instead of the MOWSE scoring algorithm [24], we implemented a
two-stage solution for scoring solution optimized for the massProph-
et system. The scoring algorithm for massProphet was based on the
mapping of tsORFs deduced from the whole genome sequence of an
organism to the peptide fragments of the tsORFs. The first stage was
based on peptide mass fingerprint search results derived from
same-origin tsORFs. This stage included the following steps:

# search option
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Search || Reset <4 -’
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o yr | [
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— IN39439993. 94396917
enzyme in v
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I3 $43934394394915
modification(s) unmodified v 7 [ miEEEaag e ) Py
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v —————
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1129, 867 protein length 32
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-/~ (tolerance unit: Da) ch UniProtke /TrEMBL entry
o & frame UnProtkR/TrEMBL
ORF length cut-off lengt <= 100 » genomic start position
mes cut-off mes >= 100% genomic end position | UYPUC digestion results of A3RLR1
peptide sequence peptide Ip PEPtide i . gel iC averag 9
a 8/ Swiss-Prot A TS| length  [M+H] (1] [M-H] [M+H] ™) ™-H]
RS O ey ARLR1.32_.1 9 1053.503 1052.496 1051.489 1054.206 1053.198 1052.191
=] UniPr
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Fig. 3. Querying massProphet. (A) massCalculator for the calculation of theoretical peptide mass fingerprint from user-input peptide sequence. (B) Querying interface of the
massProphet system. (C) Comparing search results of the massProphet to UniProtKB/Swiss-Prot and UniProtKB/TrEMBL database search in the massProphet search mode. The
current massProphet search results show tsORF information and linkouts to UCSC genome browser.
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Fruit fly o/ family sequence

BLAT

UniProt
Swiss-Prot

massProphet

genomic position of zal family

I
[

genomic
position

[
[

genomic
position

genomic positions of the UniProt/TrEMBL and massProphet
searchresults were compared to the genomic position results
from BLAT searchto verify the identity of target genes.

Fig. 4. Verification flow. The verification flow includes the following steps: (1) confirming the genomic position of tal gene family using BLAT search, (2) analyzing the
theoretical peptide mass fingerprint of tal gene family by the massProphet search to yield mrs, and (3) comparing the genomic positions of the massProphet search results to

the genomic position results from BLAT search to verify the identity of target genes.

Step 1: for each peptide mass fingerprint search result, the origin
tsORF was traced and

Step 2: search results were classified according to the same-origin
tsORFs.

The second stage was a match ratio score (mrs) for each class.
The mrs was calculated as:

mrs = <Zn]:FHIT/Zm]:FORF> % (Nuir/Ninveur) (1)
i= Jj=

where Fyr is the search hit from the same-origin tsORF, Fogr is the
trypsin cleavage peptide sequence from the same-origin tsORF, Ny;r
is the number of hits, and Nyypyr is the number of user-inputs. Fig. 2
shows the schematic process of massProphet scoring.

3. Results and discussion
3.1. Querying tsORFdb

The tsORFdb provides a querying interface (Supplementary
Material 3A) and the sequence of the tsORFdb in FASTA format
(Supplementary Material 3B) [25]. tsORF information includes
identification numbers of the tsORF, origin chromosome, origin

frame, genomic start position, genomic end position, peptide se-
quence of the tsORF, and DNA sequence of the tsORF (Supplemen-
tary Material 3C).

3.2. Querying massProphet

The massProphet system provides a massCalculator (Fig. 3A) that
calculates a theoretical peptide mass fingerprint derived from a
user-input peptide sequence and the massProphet peptide mass
fingerprint search interface (Fig. 3B). For comparison of the mass-
Prophet search results with other databases, our system is able to
incorporate UniProtKB/Swiss-Prot and UniProtKB/TrEMBL databases
into searches in the massProphet search mode (Fig. 3C). The mass-
Prophet search results include identification numbers of the tsORF,
origin chromosome, genomic start position, genomic end position,
peptide sequence of the tsORF, DNA sequence of the tsORF, and tryp-
tic digestion results of the tsORF. The tsORFdb and massProphet
search result provides link to the UCSC genome browser database.

3.3. Verification of the massProphet system
For verification, we identified known functional small ORFs in

fruit fly, reported as the tarsal-less (tal) gene family [13]. The ver-
ification flow (Fig. 4) included the following steps:
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Table 1
Genomic information of the fruit fly tal gene family.
tallA mRNA EF427619.1:416...451°
Sequence atggcagect acttggatce cactggecag tactaa
BLAT search result chr.3R:9639248-9639283(+)
tal2A mRNA EF427619.1:529...564°
Sequence atggccgect atctggatce cactggtcag tactga
BLAT search result chr.3R: 9639361-9639396(+)
tal3A mRNA EF427619.1:636...671°
Sequence atgtcgeacg atttggaccc cactggeacc tactaa
BLAT search result chr.3R: 9639468-9639503(+)
talAA mRNA EF427619.1:761...859°
Sequence atgctggatc ccactggaac ataccggega ccacgegaca cgeaggactc ccgecaaaag aggegacagg actgectgga tccaaccggg cagtactag

BLAT search result chr.3R: 9639593-9639691(+)

2 http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&id=126256578.

Step 1: the genomic position of the tal gene family was confirmed
using a BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat?com-
mand=start) [26] search;

Step 2: the theoretical peptide mass fingerprint of the tal gene
family was analyzed by the massProphet search to yield
mrs; and

Step 3: the genomic positions of the massProphet search results
were compared with the genomic position results from
BLAT searches to verify the identity of target genes.

For comparison of the massProphet search result with that of
other databases, we processed UniProtKB/Swiss-Prot and Uni-
ProtKB/TrEMBL [27] sequence data and constructed cognate dat-
abases that were used in the massProphet search mode.

Table 1 presents genomic information of the fruit fly gene family
(tallA, tal2A, tal3A, and talAA) by BLAT search. We verified the infor-
mation through comparison of the genomic position of the fruit fly
gene family and the massProphet search results using the theoretical
mass fingerprint of the fruit fly gene family. Table 2 shows the theo-
retical verification results of the massProphet system. There is no hit

Table 2

in the UniProtKB/Swiss-Prot search. Using massProphet, we ob-
tained relevant results: total hits for tallA, 485 potential tsORFs;
tal2A, 485 potential tsORFs; tal3A, 15 potential tsORFs; talAA, 86 po-
tential tsORFs. Many similar sequences were included in tsORFdb
because all potential tsORFs were extracted from the whole genome.
The massProphet scoring algorithm calculated the mrs of many
search results and offered results in order of probability. In the case
of UniProtKB/TrEMBL, we obtained correct search results because
the tal gene family was published in UniProtKB/TrEMBL.

The fruit fly tal gene family is located on chromosome 3R. In the
case of chromosome 3R, according to the UCSC genome browser
database, 5664 mRNAs and 151,581 EST’s have been identified.
The present study predicted 3737,906 potential tsORFs on chromo-
some 3R. On the plus strand of chromosome 3R, approximately
0.161% of tsORFs overlapped with EST’s on the same chromosome,
whereas approximately 0.012% of tsORFs overlapped with EST’s on
the minus strand of chromosome 3R.

The massProphet system would be useful for proteomics re-
search to give information about unknown short potential proteins
or oligopeptides as well as the predicted and registered ones.

Verification of the massProphet system. Search results comparison among UniProtKB/Swiss-Prot, UniProtKB/TrEMBL, and massProphet (fruit fly chromosome 3R).

tal1A UniProtKB/Swiss-Prot
UniProtKB/TrEMBL

massProphet

tal2A UniProtKB/Swiss-Prot
UniProtKB/TrEMBL

massProphet

tal3A UniProtKB/Swiss-Prot
UniProtKB/TrEMBL

massProphet

talAA UniProtKB/Swiss-Prot
UniProtKB/TrEMBL

massProphet

No search result

Match ratio score 100%

Accession A3RLQS8"

Description TallA (Tal2A)

Match ratio score 100%

ORF ID 3R.1.9639248.9639283

No search result

Match ratio score 100%

Accession A3RLQS8"

Description TallA (Tal2A)

Match ratio score 100%

ORF ID 3R.0.9639361.9639396

No search result

Match ratio score 100%

Accession A3RLRO®

Description Tal3A

Match ratio score 100%

ORF ID 3R.2.9639468.9639503
No search result

Match ratio score 33.5%*

Accession A3RLR1¢

Description TalAA

Match ratio score 33.5%*

ORF ID 3R.1.9639593.9639691

2 mrs of a correct hit was 33.5% because tryptic peptides from talAA ORF sequence included many peptide fragments smaller than 500 Da.

b http://www.uniprot.org/uniprot/A3RLQS.

http://www.uniprot.org/uniprot/A3RLRO.
http://www.uniprot.org/uniprot/A3RLR1.

c


http://genome.ucsc.edu/cgi-bin/hgBlat?command=start
http://genome.ucsc.edu/cgi-bin/hgBlat?command=start
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&amp;id=126256578
http://www.uniprot.org/uniprot/A3RLQ8
http://www.uniprot.org/uniprot/A3RLR0
http://www.uniprot.org/uniprot/A3RLR1
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4. Conclusions

We presented a database for all potential tsORFs from the gen-
ome map and a PMF application using the database for all potential
tsORFs. The results are stored in a web-enabled database called
tsORFdb and a web-based application called massProphet. The pur-
pose of tsORFdb is to list all possible sORFs from whole genome se-
quence data that can be predicted through bioinformatic
approaches. The tsORFdb also may be a useful reference for infor-
mation on all potential sORFs. Using tsORFdb, massProphet can
identify sORFs that are unassigned using UniProtKB/Swiss-Prot
database. Although further experimental validation is needed to
confirm the proteomic experiments related to sORFs and sORFs
identification using tsORFdb and massProphet, the tsORFdb and
massProphet are useful databases, as is the PMF application, for
proteomics research to give information about unknown small
functional open reading frames as well as the predicted and regis-
tered proteins. Database schema and statistics for tsORFdb are pro-
vided in Supplementary Material 4 and Supplementary Material 5.

tsORFdb and massProphet are available from the following web
address: http://bionet.inje.ac.kr/massProphet. The Supplementary
Material and on-line help at the tsORFdb and massProphet site de-
scribe the application in more detail.

We will update the content of the tsORFdb and massProphet
depending on update of genome annotation. The tsORFdb and
massProphet will also be included in database of various species.
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