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Abstract

We identified tryptic peptides in yeast cell lysates that map to translation initiation sites
downstream of the annotated start sites using the peptide-spectrum matching algorithms OMSSA
and Mascot. To increase the accuracy of peptide-spectrum matching, both algorithms were run
using several standardized parameter sets, and Mascot was run utilizing a, b, and y ions from
collision-induced dissociation. A large fraction (22%) of the detected N-terminal peptides mapped
to translation initiation downstream of the annotated initiation sites. Expression of several
truncated proteins from downstream initiation in the same reading frame as the full-length protein
(frame 1) was verified by western analysis. To facilitate analysis of the larger nroteome of
Drosophila, we created a streamlined sequence library from which all duplicated trypsin fragments
had been removed. OMSSA assessment using this “stripped” library revealed 171 peptides that
map to downstream translation initiation sites, 76% of which are in the same reading frame as the
full-length annotated proteins, although some are in different reading frames creating new protein
sequences not in the annotated proteome. Sequences surrounding implicated downstream AUG
start codons are associated with nucleotide preferences with a pronounced three-base periodicity
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1. INTRODUCTION

Building our understanding of cell function requires uncovering the repertoire of proteins
expressed by each mRNA and dissecting their functional relationships with other cellular
components. Recent analyses of ribosome footprintingl-2 and MS/MS data®~" suggest that
proteomes are far richer and more diverse than previously realized. Ribosome footprinting
experiments in yeast show signal profiles that outline open reading frames (ORFs) and
reveal characteristic profiles at the annotated translation initiation sites as well as at
additional upstream and downstream implicated start sites.1-2:8:9 Translation initiation sites
downstream of the annotated start sites of many mRNAs have also been revealed in MS/MS
analysis of yeast cell lysates, indicating that mMRNAs can code for multiple proteins: N-
terminally truncated proteins as well as new proteins read in different reading frames.®
Recent MS/MS analysis of human tissue and cell culture lysates enriched for N-terminal
peptides revealed N-terminal truncation proteoforms, many of which were accounted for by
alternative translation initiation sites or post-translational proteolytic processing.3:4:6:7
Integration of MS/MS and ribosome profiling of human cell lines has also revealed
alternative translation start sites.®

Peptide MS/MS experiments output large sets of spectra that can be matched to peptide
fragments through peptide-spectrum matching (PSM) algorithms (also described as
sequence database search engines). The algorithms take into account that the cell lysate
proteins have been digested after cell lysis with an endopeptidase, typically trypsin, which
reliably digests the proteins after lysines and arginines (except when flanked by a proline).
The algorithms receive as input the sequences of all annotated proteins of the organism
under study (the sequence “database” or library), and the algorithms output the computed
trypsin fragments that give the best peptide-spectrum matches. By incorporating into the
sequence library additional sequences that one suspects might also be expressed in the cell
lysate, it is possible to discover proteins not previously annotated as part of the proteome.

This protein discovery strategy relies on having high confidence in PSM by the algorithms.
The algorithm stringencies can be tuned to ensure minimal false discovery rates (FDRSs) by
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including reverse decoy sequences in the sequence library and monitoring the false decoy-
matching rate.10:11 In addition, we have assessed algorithm performance using a parent-
protein profiling approach,12 in which parent proteins prior to trypsin digestion are
partitioned through electrophoresis into known size ranges, and the matched peptides are
scored according to whether their parent proteins before trypsin digestion were in the correct
size ranges. Using this approach, we have shown that different PSM algorithms, SEQUEST,
13 Open Mass Spectrometry Search Algorithm4 (OMSSA), and Mascot,® provide
overlapping yet different high-confidence samplings of detected peptides in lysates. We have
found2 that the confidence in OMSSA and Mascot matches can be increased by running the
algorithm with multiple sets of parameter choices (parameters for mass tolerances, etc.) and
only retaining matches detected with two or more of the standardized parameter sets. We
have also found that confidence in Mascot matches can be increased by screening for a, b,
and y ions (the ions from collision-induced dissociation (CID) of trypsin fragments) rather
than screening for just b and y ions, the protocol normally applied.

Using these strategies to improve algorithm performance, we examined peptides from yeast
cell lysates that map to translation initiation start sites located downstream of the standard
annotated sites. We previously used the SEQUEST algorithm to examine downstream start
sites within 100 nt of the annotated sites and found that 35% of the detected amino-terminal
peptides mapped to the downstream sites.> We have now expanded considerably the set of
detected peptides that map to downstream start sites using high-confidence matching by the
OMSSA and Mascot algorithms.

Analysis of budding yeast is simplified by its relatively small proteome and the fact that
yeast have very few cases of alternative splicing. In contrast, alternative splicing in higher
organisms such as Drosophila leads to a considerably bigger proteome.® Hence the
(redundant) sequence space to be interrogated by MS/MS algorithms can be much larger and
lead to slower and less sensitive screening of spectra as well as potential memory overload
problems. For example, taking into account splice isoforms, the annotated proteome of
Drosophilahas a combined length of 31.5 million amino acids as compared to 6.2 million
amino acids for yeast. However, largely due to alternative splicing, many stretches of protein
sequence are present multiple times in the sequence space for interrogation. To address this
sequence redundancy, we tested a new alternative approach in which PSM algorithms were
presented with a sequence library from which all duplicates of trypsin fragments were
removed resulting in a much smaller sequence space (57% reduction for Drosophila), which
we refer to as a “stripped” sequence library. We found that screening yeast spectra with the
stripped library gave a largely overlapping but somewhat different set of PSMs of similar
high confidence. Stripped libraries for yeast and Drosophila were used to detect peptides that
map to translation initiation downstream of annotated start sites.

2. METHODS

2.1

Processing of PSM Algorithm Outputs

Spectra were analyzed from 47 PeptideAtlas data sets for yeast cell lysates (Supplementary
Table 1).17 We also analyzed a data set from Fournier et al.,% in which cell lysates had been
treated with glutaraldehyde to increase detection of amino-termini of proteins.18 The

J Proteome Res. Author manuscript; available in PMC 2020 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lycette et al.

Page 4

OMSSA and Mascot algorithms were run with standardized parameter sets (Supplementary
Table 2)12 using a 52-node (24 GB/node; 104 core) cluster (OMSSA) and a Dell XPS 8300
server (Mascot).

We used a standard sequence “database” or library of all of the currently annotated proteins
in Saccharomyces cerevisiae. As previously described,® we appended to this library all
theoretical proteins that could initiate translation at an AUG within 100 nucleotides
downstream of the annotated start site (down-Peptides). Appended downPeptides that were
in-frame with the full-length annotated protein were truncated after the first trypsin site. We
also included downPeptides from which the N-terminal methionine was cleaved if the next
amino acid was A, C, S, T, G, V, or P because these methionines are commonly cleaved by
amino peptidases.1? In addition, we included versions of downPeptides from which signal
sequences predicted by SignalP20 were removed. The resulting sequence library had 6.2
million amino acids of annotated protein sequence and 0.9 million amino acids of
downPeptide sequence.

We matched to b and y ions when running OMSSA. However, for Mascot, we included a, b,
and y ions because parent protein conformance tests indicate that the small fraction of PSMs
detected by b/y but not a/bly screening have low parent protein conformance (Figure 1).12

Peptide-spectrum match data sets from OMSSA and Mascot were uploaded into an MS SQL
database and processed as follows:

. Remove peptides with internal trypsin sites; the algorithms were run allowing
one internal trypsin site, but these were subsequently filtered out. This step
ensures that spectra that match well to a peptide with an internal trypsin site are
not incorrectly matched to other peptides with much poorer scores.

. Compute 1 and 5% FDR threshold score (where FDR = no. reverse decoy
peptides/no. forward peptides)10:11 for each standardized parameter set of each
PeptideAtlas (PAe) experimental series, counting each peptide no more than once
per MS/MS experiment.

. Remove PSMs with scores below the 1 or 5% FDR threshold from reverse decoy
analysis: 1911 pecause of the high default stringency of the OMSSA algorithm,
the actual decoy FDR was 1.2% when 5% FDR thresholds were applied.

. Only retain peptides unique to one gene.
. Only retain PSMs that were detected with two or more standardized parameter
sets.

The Mascot algorithm reports the ranks of all matches to the same spectrum, and we only
retained the highest ranking (rank-1) matches and only rank-1 matches were used to
compute the FDR thresholds. Although the OMSSA algorithm does not report ranks of
matches, for our computation of FDR thresholds and assessment of matches to peptides, we
excluded all peptide-spectrum matches where another peptide matched the spectrum with a
better score.
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High-confidence subsets of the presented PSMs are notated (in Supplementary Data Files 2,
3, and 5) as conforming to 1% FDR thresholds computed using rank-1 PSMs from OMSSA
for all peptides with no internal trypsin sites (internal and N- or C-terminal trypsin
fragments). We also illustrate even higher stringency data subsets with scores >10-fold better
than the 1% FDR thresholds. The equivalent scoring thresholds were also computed for the
Mascot data.

Annotated spectra from Mascot outputs were obtained using Mascot Daemon2.4.0.1°
Selected experiments from PeptideAtlas data sets were rerun using SearchGUI2.2.221 and
Peptide-Shaker1.2.2 to obtain annotated spectra from OMSSA.22 Samples of annotated
spectra are presented according to the same FDR threshold stringencies discussed above
(Supplementary Data Files 6, 7, and 8).

2.2. Creating a Stripped Library

To reduce the size of the sequence library to be screened by PSM algorithms, we created a
“stripped” library from which all duplicated trypsin fragments had been removed (see
Results and Discussion and Figure 3; Supplementary Files 9 and 10). A Python script
screened all theoretical trypsin fragments of the library and removed duplicates
concatenating the sequences on either side of the removed fragment. Although concatenation
created artificial sequences, these sequences could not be present in the final set of
spectrum-matched peptides because peptides with an internal trypsin site were filtered out
during the processing of the algorithm outputs.

The deleted trypsin fragments were entered into a database lookup table that recorded the
identities of each protein in which they were present and the trypsin fragment coordinates in
these proteins. The lookup table was used in subsequent processing to determine if matched
peptides were present in more than one protein isoform from a single gene or multiple
genes.

The OMSSA algorithm was run exactly as previously described except using the stripped
library and newly computed 1 and 2% FDR decoy thresholds. DownPeptides were appended
to the stripped library as previously described. Initial testing of the yeast stripped library was
performed using parent-protein conformance tests with the spectrum data set of Lin et al.12
As expected, OMSSA run times were shorter with the smaller stripped library. Run times
were typically 25% shorter with the stripped yeast library, which is 17% smaller than the
standard library. Apparent memory issues prevented us from running large-scale tests of the
standard (nonstripped) library of Drosophila. Testing of individual PeptideAtlas experiments
using SearchGUI2.2.2 showed that run times were 80% longer using the standard library.

3. RESULTS AND DISCUSSION

3.1.

Detection of DownPeptides

The PSM algorithms used in MS/MS analysis are based on techniques such as cross-
correlation (e.g., SEQUEST?3) or model-based approaches using statistical significance
(OMSSA, 1 Mascot?®). Although the different algorithms detect many of the same peptide-
spectrum matches, each algorithm also outputs matches not detected by the others. Indeed,
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even different settings of algorithm parameters give rise to partially overlapping sets of
matches. Using decoy1%.11 and parent-proteinl2 analyses, we have developed protocols for
applying OMSSA and Mascot that result in sets of high-confidence PSMs. Specifically, both
algorithms were run using multiple sets of standardized parameters (Supplementary Table
2),12 and we retained only those PSMs detected by two or more parameter sets. In addition,
for Mascot, we screened for a, b, and y CID ions, a departure from the standard screening of
just b and y ions. Peptides matched by the b/y but not the a/b/y screen had significantly
lower conformance to their parent proteins before trypsin digestion!? (Figure 1). We used
these approaches to screen for translation initiation events downstream of the annotated
translation start codons. We analyzed 48 data sets of spectra (PeptideAtlas!” and Fournier et
al. 2012;5 Supplementary Table 1A), expanding significantly on our previous analysis of 21
data sets using just the SEQUEST algorithm.®

Translation initiation at downstream start sites gives rise to diagnostic N-terminus-derived
trypsin fragments (downPeptides) that are not created when the longer annotated protein is
digested with trypsin.> We screened for downPeptides that map to AUG start sites within
100 nucleotides downstream of the annotated start codon. We detected 138 downPeptides
and 478 annotated start peptides (annPeptides) using 1% FDR thresholds; 226 downPeptides
and 631 annPeptides were detected with slightly less stringent 5% FDR thresholds
(Supplementary Files 1, 2, and 3). It is striking that the downPeptides represented 22 to 26%
of all the detected N-terminal peptides, suggesting that downPeptide expression is quite
common in yeast, as previously discussed.® 31 of the downPeptides detected by OMSSA or
Mascot (5% FDR) were also detected previously using the SEQUEST algorithm. 42
annPeptides and 7 downPeptides were detected by both OMSSA and Mascot.

Confidence in peptide-spectrum matches is based on false-detection rates calculated for each
PeptideAtlas data set. Because these are average rates for each data set, the peptide-spectrum
matches closer to the FDR thresholds have lower than the average confidence, and those
further from the threshold have higher confidence.12 The distance measures defined and
presented in Supplementary File 1 show the distance from the 5% FDR threshold for the
best-scoring PSM of each down-Peptide.

As previously observed in our SEQUEST screen,® although the downPeptide ORFs
(downORFs) were detected in all three reading frames, for all three algorithms there is a
tendency for the downORFs to be in the same reading frame as the gene’s annotated protein
(frame 1), resulting in N-terminal truncated proteins (Table 1). However, many of the
detected downPeptide ORFs (52%) are in frames 2 or 3, which translate into different amino
acid sequences from the annotated frame-1 proteins. The frames 2 or 3 ORFs are
significantly longer than would be expected from randomly chosen downORFs (Figure 4).
Indeed the median length of ORFs for downPeptides detected by OMSSA or Mascot was 66,
suggesting selection against stop codons.

Although we screened for downPeptides that map to within 100 nucleotides of the annAUG,
some of the frame-1 downAUGs were sufficiently downstream for their truncated protein to
be detectable in western analysis as distinct from the full-length protein. Figure 2 shows
examples of downPeptide genes that express both the truncated and full-length proteins,
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either simultaneously or under different growth conditions. One of our downPeptide
matches, DOT1, has been described independently as a likely case of leaky translation
initiation.23

3.2. Optimizing the Sequence Library

Having detected high frequencies of downPeptides in budding yeast, we were interested to
assess whether this is also a property of higher organisms such as Drosophila. However, this
is a challenge given that higher organisms have more complex proteomes that result from
larger genomes and alternative splicing, and this can increase drastically the sequence space
to be searched by PSM algorithms. This problem has been addressed previously by creating
sequence libraries that contain a small number of diagnostic peptides representing a large
portion of the proteome, an approach that significantly reduces the search space and allows
confident identification of proteins but does not provide comprehensive peptide coverage.24
We wished to develop an alternative approach that would provide fuller coverage of the
proteome and reduce the chances that a matched spectrum actually has a better peptide-
spectrum match to an annotated protein’s peptide that had been removed from the sequence
library. Other approaches have been taken to speed up searches using indexed peptide
libraries, 2526 which can reduce the sizes of the searched sequence libraries.

In this study, we created a yeast sequence library (stripped sequence library; Figure 3) in
which blocks of one or more trypsin fragments present more than once in the proteome were
deleted from all but one of the protein sequences. Hence, duplicate trypsin fragments were
only represented once in the library and were also entered into a database lookup table that
recorded the identities of each protein in which they were present and the trypsin fragment
coordinates. This reduced the number of amino acids in the yeast library of annotated
proteins by 17%. The stripped library of Drosophila showed an even more dramatic
reduction of 57%. A set of downPeptides was appended to each stripped library as described
later.

We compared the performance of the OMSSA algorithm with the yeast stripped and
standard sequence libraries using spectrum data for which parent proteins had been
separated into different size ranges before trypsin digestion.12 When the algorithm outputs
were filtered using 5% FDR thresholds based on decoy analysis, the stripped library detected
more peptides (1973) than the standard library (1840) (Table 2A). Although filtered at 5%
FDR, the actual FDRs were lower (0.5 to 1.7% for the standard library and 0.9 to 1.7% for
the stripped library) due to the high stringency of the default implementation of the OMSSA
algorithm. Consistent with this, conformance to parent proteins was slightly lower for the
stripped library (86.2%) compared with 87.1% for the standard library (Table 2A). 1578 of
the 1840 peptides detected with the standard library were also detected with the stripped
library (Table 2A). This suggests that the stripped and standard libraries provide different but
largely overlapping samplings of high-confidence peptide matches. Our analyses below of
yeast and Drosophila stripped libraries were performed using 1 and 2% FDR filters.

When applied to the 48 data sets (from PeptideAtlasl’ and Fournier et al.%), the stripped
library (containing annotated proteins and downPeptides) detected sets of annPeptides and
downPeptides that overlapped with the sets detected by the standard library (Table 2B).
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Hence, utilizing the stripped library expanded the set of detected downPeptides, which are
presented in Supplementary File 1.

For both the standard and stripped libraries, we selected rank-1 peptides with no internal
trypsin sites. The selected peptides had to win against other peptides with 0 or 1 internal
trypsin sites, including the artificial junction fragments created during stripping. Because the
competing peptides did not include many peptides that could be present in the cell lysates
(e.g., from unscreened post-translation processing) and the competing sets in the stripped
and standard libraries differed, the confidence in detected peptide-spectrum matches relied
on the decoy analysis and in many cases visual inspection of individual annotated spectra
(Supplementary Files 6 and 7).

3.3. DownPeptide Detection in Drosophila melanogaster

The stripped library for annotated Drosophila proteins contained 13.6 million amino acids
and was considerably smaller than the standard library of 31.5 million amino acids. We
appended to the stripped library downPeptides for all AUG codons within 100 nucleotides
downstream of the annotated AUG start codons. This increased the stripped library size by
890 512 amino acids. Only the first trypsin fragment (>4 amino acids) was included for each
protein, initiating at a downAUG in the same reading frame (frame 1) as the main protein
product.

The stripped library with downPeptides was used to screen with OMSSA 53 Drosophila data
sets deposited at Peptide Atlas (Supplementary Table 1B). We detected 494 annPeptides
using 1% FDR thresholds (546 peptides with 2% FDR), of which a large fraction (70%, 1%
FDR; 66% 2% FDR) were missing their N-terminal methionine presumably due to
aminopeptidase cleavage of methionine, which often occurs after A, C, S, T, G, V, or P19 We
detected 171 downPeptides using 1% FDR (230 downPeptides, 2% FDR), which
corresponds to 26% (30%, 2% FDR) of the detected N-terminal peptides (Table 2C;
Supplementary Files 4, 5, and 8), suggesting that, like yeast, translation initiation at
downAUGs is quite common in Drosophila. Moreover, 76% (73% for 2% FDR) of the
detected downPeptide ORFs were in frame-1, significantly higher than would be predicted
by random sampling of the screened theoretical downPeptides (Table 1), although unlike
yeast, the frame 2 and 3 downPeptides did not show significant selection for long
downORFs (Figure 4). Translation initiation at downAUGs may result from leaky ribosome
scanning past the annAUG. In addition to leaky scanning, translation initiation at
downAUGs may also be a consequence of alternative transcription initiation or splicing that
gives rise to unannotated transcripts that lack the annAUG.

We investigated whether the observed preference for frame-1 initiation at downAUGs could
be related to 3-nucleotide periodicities encountered while scanning the full-length protein’s
OREF. It has been suggested previously that the three-base periodicity observed in ORFs may
help stabilize secondary structures of mMRNAs27 as well as contribute to mRNA base pairing
with bacterial rRNA sequences.® Examination of sequences upstream and downstream of
aligned frame-1 downAUGsS revealed depression of G and A at positions 2 and 3 of codons,
respectively. This GoAz depression was significantly more pronounced downstream of the
implicated downAUGs of frame-1 downPeptide genes (Figure 5A,C) compared with
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randomly selected downAUGs. Depression of G, and Az was also significantly more
pronounced upstream of the downAUGs. This depression of G and A at positions 2 and 3 of
codons suggests that ribosomes have a preference for alternative nucleotides at these
positions (N1°G,"A3) and that this may influence which downAUGs initiate translation.
Moreover, we found that detected frame-2 downPeptide genes had strong preferences for
depression of G at position 2 of the frame-2 codons immediately downstream of the aligned
downAUGs (N1"G,Ns; Figure 5B,C). Bootstrap analysis confirmed that this depression in G
was significantly higher than in samples of randomly selected frame-2 downAUG regions.
Position 2 in frame-2 codons corresponds to the wobble third position in frame 1 and may
therefore be more free to evolve away from G. In contrast, neither of the codon positions 2
or 3 of frame-3 downPeptide ORFs correspond to the frame-1 wobble position, and this
could account in part for the underrepresentation of frame-3 downPeptides compared with
frames 1 and 2.

Assessment of Gene Ontology terms (Supplementary Table 3; Supplementary Figure 1)
indicates that the Drosophila frame-1 downPeptide genes, but not frame-2/3 genes, show
enrichment for some Gene Ontology (GO) terms above background levels. Although
Drosophila downPeptides were detected in multiple tissue types (Supplementary Table 1B),
the overrepresented cellular function GO terms (Supplementary Figure 1) included terms
related to retinal cell-programmed cell death. We examined 13 downPeptide genes
associated with eye development (Table 3). Several encode transcription factors or GTPases
and some are involved in cellular processes including vesicle formation and endocytosis.
The predicted truncated regions of these proteins overlap or are close to conserved or
functional domains (Table 3). For example, the truncated form of the Irregular chiasm C-
roughest (rst-RA) protein would have its signal peptide domain deleted and not be imported
into the ER. Similarly, the predicted amino truncations ofEchinus splice form 3 (ec-RA),
Ras-related protein Ral-a (Rala-RB), and ADP-ribosylation factor 1 (Arf79f-RA) partially
overlap the most amino-terminal portions of their 1G-like, ras, and Arf domains,
respectively. In contrast with the frame-1 downPeptides, the Drosophila frame-2/3
downPeptides genes did not have enrichment for any GO terms. Whether the newly
identified proteins from downAUG initiation contribute to the same or new functions of
genes awaits future studies.

3.4. Conclusions

We conclude that translation at downstream AUGSs is common in both yeast and Drosophila.
Using a stripped library, it has been possible to screen mass spectra from Drosophila, which
has a large annotated proteome due in part to alternative splicing. This screen revealed
amino-terminal trypsin fragments that map to translation initiation downstream of the
annotated start sites, suggesting that downstream initiation may be a property common to
higher organisms and that proteomes are more complex than generally assumed. This
conclusion is supported by recent MS/MS analyses of several human cell lines and tissues.
34.6-9 A three-nucleotide periodicity in the region following the downAUG, with especially
pronounced depression of G occurrences in the second codon position, may facilitate
downstream initiation and favor the predominance of translation from frame-1 downAUGs.
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Figure 1.
Mascot is significantly more accurate when screening a, b, and y ions. In assessment of

conformance to parent proteins before trypsin digestion,12 all 4560 peptides detected by
Mascot screening for a, b, and y CID ions were also detected when screening for only b and
y ions. However, the 264 additional peptides detected only in the b/y screen had very poor
conformance to parent protein MWs (62.9%; arrow). Bootstrap analysis with 2000 samples
of 264 peptides (with replacement) from the a/b/y screen revealed 99% confidence limits
between 79.5 and 90.9% (broken arrows). This confirms that the poor b/y conformance of
62.9% is significantly lower than the a/b/y conformance.
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Figure 2.
Western analysis of frame-1 truncated proteins. DownPeptide genes with predicted frame-1

truncated proteins were tested in TAP-epitope-tag expression lines (DOT1, SKN7, GCS1).
Cells were grown under various conditions: normal (n), stationary (s), synthetic minimal
medium with glucose (SMD), starved in synthetic minimal medium lacking nitrogen (SD-
N), or heat-treated (37 °C, 15 min). Five experiments are illustrated where truncated, and
full-length proteins (arrows) were detected under different conditions. A truncated protein of
DOT1 was also previously reported.23 Note that both the annPeptide and downPeptide were
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detected by MS/MS for DOT1, but only the downPeptide was detected by MS/MS for
SKN?7. The downPeptide for GCS1 was only detected with one OMSSA parameter set. The
detected truncated and full-length proteins ran appropriately according to MW size markers
(not shown).
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Figure 3.
Stripped sequence libraries facilitate MS/MS analysis of large proteomes. Sequence libraries

stripped of duplicated trypsin fragments give much smaller search spaces for PSM
algorithms. The mRNAs from alternative splicing produce proteins with high sequence
redundancy, most of which is removed when duplicated trypsin fragments are removed from
the proteins of the sequence library. Alternative transcription start sites are shown (*).
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Figure 4.
Lengths of detected frame-2 and -3 downORFs compared with all frame-2 and -3 ORFs

initiated within 100 nucleotides downstream of the annAUG (and =15 nucleotides long). The
OREFs for downPeptides detected in yeast (A) are longer than expected by random selection
(chi-square goodness of fit p < 0.01). Although generally longer, the Drosophila downORFs
(B) are not significantly longer by chi-square test. Illustrated are ORF lengths for
downPeptides detected by OMSSA or Mascot with the standard yeast library (A; 5% FDR)
and OMSSA with the stripped Drosophilalibrary (B; 2% FDR).
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Figure 5.
(A) Sequences flanking the implicated frame-1 downAUGs of Drosophila downPeptide

genes have a pronounced 3-nucleotide periodicity with depression of G at position 2 and A
at position 3 of the codons. Average nucleotide frequencies of aligned sequences are shown
relative to the downAUG at positions 1, 2, and 3. (B) Frequencies of G are depressed at the
second nucleotide of codons downstream of the AUG of frame-1 and frame-2 downPeptide
ORFs (*) despite the frame-2 ORF being out of frame with the overlapping frame-1 ORF.
(C) Average deviations from background, measured as log,(freqons/frédpackground), are
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illustrated for codon positions 1, 2, and 3 for windows upstream (positions —20 to —1) and
downstream (positions +4 to +20) of the start codons of frame-1 and frame-2 downPeptide
ORFs (based on background nucleotide frequencies in ORFs; fA: 25.6%, fC: 27.1%, fG:
26.8%, fU: 20.5%). Compared with random samples of 1000 downAUGs, frame-1
downPeptides show G, and Az depression at positions 2 and 3 of codons upstream and
downstream of the start codon (*). Frame-2 downPeptides show G, depression (*)
downstream of the start codon at positions corresponding to the wobble position of frame-1.
The G, and A3 depressions (*) are significant by bootstrap analysis (o < 0.01). Only
downPeptides (2% FDR) with downAUGs > 20 nucleotides downstream of the annAUG
were used in this analysis.
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DownPeptide Reading Frames

Table 1.

Frame 1

Frame2 Frame3

detected downPeptides (OMSSA)

detected downPeptides (Mascot)

all downAUGs within 100 nt of annAUG

0524

0.467
0.34

Frame 1

0.40 0.08
0.50 0.04
0.54 0.12

Frame2 Frame3

detected downPeptides

all downAUGs within 100 nt of annAUG

0.73%
0.44

0.20 0.06

0.43 0.13

Page 20

aChi-square tests indicated that frame-1 downPeptide frequencies are significantly elevated compared to all downAUGs within 100 nt of the
annAUG and with downORF > 12 nt (yeast Mascot: p= 0.014, 5% FDR; yeast OMSSA: p=3.10 x 10‘5, 5% FDR; Drosophila. p=2.15 x 10'25,

2% FDR).
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Table 2.

Peptides Detected by Standard and Stripped Libraries

Page 21

FDR threshold standard library (conformance)

A. Yeast

stripped library (conformance)

stripped library (conformance)

overlap overlap
50,2 1840 (87.1%) 1973 (86.2%) 1578
1% 1838 (87.1%) 1920 (86.3%)b 1574

N-terminal AnnPeptides (FDR)

B. Yeast
standard (5%)

stripped (2%6)

total distinct 464 509
unique® 16 51
overlapd 448
N-terminal DownPeptides (FDR) standard (5%) stripped (2%)
total distinct 139 149
unique® 27 37
overlapd 112

C. Yeast and Drosophila

species library (FDR)

yeast stripped (2%)

Drosophila stripped (2%)

N-terminal AnnPeptides

N-terminal DownPeptides

509
149

504
178

aBecause of the default stringency of the OMSSA algorithm, the 5% threshold data had actual decoy FDRs of 0.5 to 1.7% (standard library) and

0.9 to 1.7% (stripped library).

bBootstrap analysis of 1000 samplings with replacement of the 1920 peptides showed 95% confidence limits between 85.6 and 87.1%.

cUnique: distinct peptides in either standard or stripped library.

dOverIap: distinct peptides detected with both standard and stripped library.
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