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Abstract
Comprehensive knowledge of proteome complexity is crucial to understanding cell function.
Amino termini of yeast proteins were identified through peptide mass spectrometry on
glutaraldehyde-treated cell lysates as well as a parallel assessment of publicly-deposited spectra.
An unexpectedly large fraction of detected amino-terminal peptides (35%) mapped to translation
initiation at AUG codons downstream of the annotated start codon. Many of the implicated genes
have suboptimal sequence contexts for translation initiation near their annotated AUG, and their
ribosome profiles show elevated tag densities consistent with translation initiation at downstream
AUGs as well as their annotated AUGs. These data suggest that a significant fraction of the yeast
proteome derives from initiation at downstream AUGs, increasing significantly the repertoire of
encoded proteins and their potential functions and cellular localizations.
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Introduction
The size and complexity of eukaryotic proteomes has been of considerable interest,
especially in light of the unexpected reductions in the estimates of gene number predicted
after sequencing of human and other genomes (1, 2). However, recent ribosome profiling
data (3, 4) and observations of non-standard translation initiation mechanisms, such as leaky
scanning or translation reinitiation (5–11) (Fig. 1D), have led to suggestions that eukaryotic
proteomes may be significantly more complex than currently annotated. For example,
translation initiation at AUG codons downstream (dnAUGs) of the annotated start codon
(annAUG) would lead to truncated proteins, or if out of frame, proteins with different amino
acid sequence, with potentially new functions or cellular localizations and targeting.

Translation initiation is thought to depend on a ribosome scanning mechanism (12) in which
ribosomes typically initiate translation at the first AUG they encounter when scanning from
the 5′ cap of the mRNA; however, AUGs can be skipped if they are too close to the 5′ cap

*Corresponding Author: Michael Weir, mweir@wesleyan.edu, tel. 860-685-2402, fax. 860-685-3279.
3These authors contributed equally.
†Current address: Boehringer Ingelheim Pharmaceuticals, 900 Ridgebury Road, Ridgefield CT 06877.
‡Current address: University of Colorado Boulder, Computer Science, Boulder, CO 80309.

Author Contributions:
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the
manuscript.

NIH Public Access
Author Manuscript
J Proteome Res. Author manuscript; available in PMC 2013 December 07.

Published in final edited form as:
J Proteome Res. 2012 December 7; 11(12): 5712–5719. doi:10.1021/pr300538f.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



(13) or in a poor sequence context (11). Current annotations of proteomes in genome
projects generally rely on the assumption that, in most cases, individual mRNAs each give
rise to a single protein, typically encoded by the longest open reading frame (ORF)
uninterrupted by stop codons. For example, the initial annotation of the yeast proteome
identified protein coding regions as ORFs encoding more than 99 amino acids (14). The
annotated translation start positions were in some cases subsequently adjusted to more C-
terminal start sites when cross-species sequence comparisons revealed poor protein
conservation at the site originally annotated (15). But is it correct to assume that scanning
ribosomes generally initiate at only one site on an mRNA? By analyzing the amino-termini
of proteins on a proteomic scale through peptide mass spectrometry, we show here that for
many genes, ribosomes appear to use multiple start sites, including sites downstream of the
annotated start codon, giving rise to protein products with different amino termini, and in
some cases, different reading frames.

Methods
Glutaraldehyde Treatment of Proteins

To enhance detection, amino termini of proteins were modified by reductive
glutaraldehydation based on the protocol of Russo et al. (16). A pellet of approximately
1000ug of protein lysate from YSH474 yeast cells was resuspended in 0.1% acetic acid (pH
4) to give a protein concentration of 5ug/ul. The resuspension was then brought to a
concentration of 100mM sodium cyanoborohydride and 0.5% glutaraldehyde, and incubated
at room temperature for 20 minutes. An equal volume of 1 M Tris-HCl was added and the
sample was pelleted with 30% TCA, and digested with 10ug of trypsin (Promega); some
samples were concentrated with Zip Tips (Millipore). The trypsin digest was loaded onto a
nanospray column packed with C18 resin (Michrom Bioresources) and analyzed using a
LCQ Deca XP mass spectrometer (Thermo Scientific).

TurboSequest Assessment
Peptides were identified with TurboSequest (Bioworks 3.2 package) using a Dell XPS
server. For analysis of our glutaraldehyde-treated cell lysates, we included optional mass
increases to peptides: (i) N-terminal amino acid +68 Da for glutaraldehyde modification; (ii)
N-terminal amino acid +42 Da for acetylation modification (requiring a second
TurboSequest run); (iii) any lysine +68; (iv) N-terminal proline +86 Da; and (v) N-terminal
methionine oxidation +16 Da. Each TurboSequest parameter file included a precursor mass
tolerance of 3.0 Da and a fragment mass tolerance of 1.0 Da. Precursor peptides for MS/MS
analysis were prepared by trypsin digestion, which cuts after R or K, except when flanked
by P. For the TurboSequest analysis, in addition to requiring trypsin-cleavage sites at both
ends of the precursor peptides (or one end if a terminal peptide), an internal trypsin site was
allowed in the Glutaraldehyde-treatment analysis (two internal sites were allowed in the
PeptideAtlas analysis discussed below). TurboSequest matches to trypsin fragments with
internal trypsin sites were subsequently discarded based on our decoy analysis (see below).

A sequence “database” file of downstream Open Reading Frames (dnORFs) in FASTA
format was constructed as follows. Using an MS-SQL database of yeast genomic sequences
(6,718 genes downloaded from SGD March 2008 (17)), translated dnORFs were computed
for translation initiation at all AUG triplets within 100 nt downstream of the annotated
translation start codon. DnORFs in the same reading frame as the annAUG (frame 1)
included sequence from the initiation methionine to the following second trypsin site; frame
2 and 3 dnORFs included the full dnORF. We also included (i) N-terminal sequences that
would result from amino peptidase cleavage of the initiation methionine if it was followed
by amino acids A, C, S, T, G, V, or P (18); and (ii) N-terminal sequences following cleavage
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of a signal peptide predicted by the SignalP algorithm version 3.0 (19) (these sequences
extended to the second trypsin site after their N-terminus).

The TurboSequest algorithm computes a probability score for each peptide match, and for
each set of equivalent MS/MS experiments (e.g. in a single PeptideAtlas accession;
Supplementary Table S1), spectrum matches were considered that were below a probability
score threshold chosen to ensure that the target false identification rate was below 5%. False
identification rates for detection of N-terminal peptides were calculated as follows. For each
MS/MS run, we calculated the number of forward and reverse decoy N-terminal peptides
matched. Individual peptides with more than one match were only counted once per MS/MS
run, and these counts were then summed over all MS/MS runs. The target false
identification rate was calculated as (# decoy peptides/# forward peptides) as described (20).
The false identification rate was 5% ± 0.5% (± s.d. based on bootstrap analysis). In our
glutaraldehyde treatment experiments, false identification rates < 5% were obtained for
probability score thresholds of 0.28 for glutaraldehyde-modified and 0.06 for acetylated
peptides (Supplementary Table S1). Matches to 35 unmodified N-terminal peptides were
disregarded because the false identification rate for these matches was very high (30%),
suggesting that many of these were false matches and that the glutaraldehyde treatment is
efficient.

In addition to our glutaraldehyde-treatment experiments, we also analyzed publicly
deposited spectra from yeast cell lysates downloaded from http://www.peptideatlas.org/
repository/ and analyzed as follows. TurboSequest was run using the Sequest parameter files
posted for each experimental series (Supplementary. Table S1). The parameter files were
modified to include optional acetylation (+42 Da) at the N-terminus of peptides.
TurboSequest was run using a FASTA file sequence “database” composed of all annORFs,
as well as all dnORFs mapping within 100 nt of the annAUG, and with the methionine
aminopeptidase and signal peptide cleavage modifications as described above. We analyzed
20 experimental series uploaded by multiple research groups (Supplementary Table S1). For
each experimental series, we computed a TurboSequest probability threshold that gave a
false identification rate < 5% and only considered TurboSequest matches below this
probability threshold (Supplementary Table S1). Matches to N-terminal, internal, and C-
terminal peptides were used to calculate the probability threshold.

In this analysis, we excluded all matches with a TurboSequest initial ranking (RSp rank) > 1
because in our glutaraldehyde-treatment experiments, matches with RSp rank > 1 had a false
identification rate of 18% instead of 5% suggesting that they were less reliable (also see
(21)). We also excluded all matches to peptides with internal trypsin sites since these
matches were unreliable; for example, N-terminal peptides with a single internal trypsin site
had a false identification rate of 28% consistent with reports (22) that trypsin digestion can
be highly efficient. The TurboSequest algorithm also reported N-terminal modifications
(+68 Da or +42 Da) to internal peptides, but these matches were expected to be false since
N-terminal glutaraldehydation prior to trypsin treatment or in vivo acetylation should be
restricted to the N-termini of proteins, and correspondingly, the decoy detection rate was
very high (749 decoy internal peptides; 760 forward internal peptides). We also performed
control experiments (not shown) in which cell lysates were partitioned into gel slices of
known molecular weight size ranges (25–37 kDa, 37–50 kDa). Although the TurboSequest
algorithm had no knowledge of the parent protein sizes before trypsin digestion, peptide
matches conformed to the correct parent size ranges, the frequency of incorrect matches
being a little higher than the decoy frequencies in these experiments. (This analysis took into
account the portion of the proteome in each size range that would be detected randomly.)
These controls provide confidence in the observed matches to N-terminal peptides and their
association with translation initiation at annAUGs and dnAUGs.
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All outputs from TurboSequest runs were uploaded into a relational database and analyzed
using stored procedures written in MS-SQL to compute false identification rates and
integrate the MS/MS data with other data sets including the yeast genome, ribosome profile,
mRNA and protein expression, and Gene Ontology data.

Results and Discussion
To assess the repertoire of amino termini of proteins in the budding yeast proteome, tandem
peptide mass spectrometry (MS/MS) was performed on yeast cell lysates. Proteins in cell
lysates were digested in vitro with trypsin endopeptidase, and the resulting peptides were
sampled and further fragmented by collision induced dissociation (CID). The Sequest
algorithm (TurboSequest (23)) was used to determine the sequences of tryptic peptides
through computational comparison of experimental spectra with theoretical spectra
computed from an exhaustive sequence database of annotated proteins in the yeast
proteome. By also including in the database sequences expected from initiation at dnAUGs
within 100 nucleotides (nt) of the annAUG, we identified peptides resulting from initiation
at both dnAUGs and annAUGs. The peptides originating from the N-termini of proteins,
including those initiated at dnAUGs, can be distinguished from internal and C-terminal
tryptic fragments because they do not have a trypsin site at their N-terminus (Fig. 1A). The
sequence database included amino-terminal sequences from signal peptide cleavage
predicted by the SignalP algorithm (19) and methionine cleavage by methionine
aminopeptidase (18) (Fig. 1C).

Output from the TurboSequest algorithm was filtered by decoy analysis (20, 21) to ensure a
target false identification rate below 5%. Confidence in the TurboSequest matches was
confirmed in control experiments that tracked parent protein masses before trypsin digestion
(see Methods), and separate control experiments using partial purification of C-terminal-
epitope-tagged proteins (see below).

The detection efficiency of N-terminal peptides was increased through treatment of proteins
in cell lysates with glutaraldehyde which modifies their amino termini by reductive
alkylation (16). The reductive alkylation results in a molecular weight increase of +68 Da on
the amino-terminal amino acid of proteins as well as internal lysines, and increases MS/MS
detection of a1 fragment ions. Proteins that had been acetylated in vivo would not be
modified at their N-terminus by glutaraldehyde. Therefore, tryptic peptides were assessed
for potential molecular weight increases of +68 Da (glutaraldehydation) or +42 Da
(acetylation). TurboSequest matches were observed to 69 glutaraldehyde-modified and 54
acetylated N-terminal peptides, including one observed in both forms (Table 1).

Of the 122 different N-terminal peptides observed in the glutaraldehyde-treatment
experiments, 99 corresponded to N-terminal peptides expected from translation initiation at
annAUGs (Table 1). A surprisingly large fraction (19%, 23 peptides) of the detected N-
terminal peptides corresponded to peptides expected from translation initiation at dnAUGs
(Table 1; examples are illustrated in Fig. 2 and Supplementary Fig. S1). Given this
unexpected result, the analysis was expanded to include an assessment of publicly-deposited
spectra for yeast cell lysates (http://www.peptideatlas.org/repository). Based on the public
data, a total of 818 different N-terminal peptides were detected including 299 peptides
corresponding to initiation at dnAUGs (37%; Table 1). Combining the data for the
glutaraldehyde treatment experiments with those of the publicly-deposited spectra, we
observed 583 peptides for annAUG initiation (“annPeptides”), and 320 peptides for dnAUG
initiation (35% “downPeptides”; Table 1, Supplementary Table S2). Although for most
genes with detected N-termini, we observed either annPeptides (531 genes) or downPeptides
(271 genes), but not both, it is likely that some of these genes express both forms even
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though only one was detected in this sampling of the proteome. Indeed, 26 genes had
different N-terminal peptides that mapped to the annAUG and a dnAUG; and two additional
genes had peptides for the annAUG and two different dnAUGs; moreover, 12 genes had
peptides for two dnAUGs but not their annAUG. The frequencies of annPeptide and
downPeptide detection were similar for many of the 28 genes for which both classes were
detected (Supplementary Table S3). Detection of five of the frame-1 downPepides (HOM3,
YJL171C, EFT2, PRS5, and URA1) was confirmed following partial purification of C-
terminal-epitope-tagged versions of the proteins. For four of these (all except URA1), we
confirmed detection of both an annPeptide and a downPeptide.

We examined post-translational modifications of the 903 detected N-termini: 393 N-termini
showed methionine aminopeptidase cleavage of the first amino acid (339 cases) or signal
peptide cleavage (54) (Table 1), 409 were acetylated, 458 were not acetylated, and 36 were
detected in both forms, acetylated and not acetylated. In addition, the amino acids found in
the first four positions of the acetylated and non-acetylated (glutaraldehyde modified) N-
terminal peptides had similar frequency profiles to those observed by Polevoda and Sherman
(21) who collated published yeast protein amino terminus data from multiple researchers
(Supplementary Fig. S2). For example, both datasets showed that an N-terminal serine is
typically acetylated. 105 (22%) of the detected N-termini correspond to amino termini
reported by Polevoda and Sherman (21), and the acetylation characteristics were consistent
for 102 of these (97%).

DownPeptides were detected in all three reading frames (Fig. 3; Supplementary Table S4).
A significantly elevated percentage (41%) were in frame 1 even though only 32% of the
screened dnAUGs were in this frame (chi-square p < 0.001). This result, and the observation
that the frequencies of frame-2 and -3 dnAUGs are depressed close to the annAUG (Fig. 3;
also see (6)), suggest that there is selection for expression of N-terminal truncations of
frame-1 proteins, rather than frame 2 or 3 proteins. Relative instability of shorter frame-2 or
-3 proteins may also contribute to the higher detection of frame-1 downPeptides. The ORF
lengths of the implicated frame-2 and -3 proteins are significantly longer than randomly
selected downstream ORFs, suggesting there has been selection against stop codons in these
ORFs (Fig. 3D).

High frequencies of frame 1, 2 and 3 translation initiation upstream and downstream of the
annAUG have also been suggested by transcriptome-scale ribosome profiling experiments in
yeast (3) and mouse cells (4) that describe mRNA sequences protected by ribosomes. We
analyzed downPeptide genes using ribosome-profile sequence reads of Ingolia et al. (3).
DownPeptide genes aligned at the dnAUG showed ribosome profiles consistent with
translation initiation at these sites (Fig. 4A,B). The characteristic initiation profile was
particularly pronounced for downPeptide genes with poorer sequence context surrounding
their annAUGs (“Kozak consensus” (24, 25) measured by Translation Relative Individual
Information (TRII) score (17, 26)), suggesting a trend towards dnAUG initiation for these
genes. Indeed, alignment of the first AUG downstream of the annAUG of all genes, not just
those identified in this MS/MS analysis, revealed translation initiation ribosome profiles that
are particularly pronounced for genes with poorer Kozak context at their annAUG (Fig.
4C,D). Ribosome tag densities were examined for 81 of the 320 detected downPeptide genes
that had tag densities > 0.1 tags/nt in the first 200 nt of their annORFs, and pronounced tag
densities (≥ 10 tags/30 nt) in the 30-nt window starting at their dnAUG. All but five of these
genes had > 3 ribosome tags in the 30-nt window starting at their annAUG, consistent with
translation initiation at the annAUG in addition to the detected dnAUG initiation
(Supplementary Table S5). This suggests that most downPeptide genes are under-annotated
rather than mis-annotated, with translation initiation occurring at both the annotated AUG
and the implicated dnAUG.
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The unexpected prevalence of downPeptides, and parallel ribosome profile data, suggests
that translation initiation at dnAUGs is common. As summarized in Fig. 1D, mechanisms
that would lead to dnAUG initiation include:

i. expression of 5′-truncated mRNAs or spliced mRNAs that do not include the
annAUG (27, 28);

ii. leaky scanning where the ribosome sometimes skips the annAUG and instead
initiates at a dnAUG (5–8);

iii. translation reinitiation at a dnAUG following translation of an ORF that starts in
the 5′UTR (9–11);

iv. translation initiation at internal ribosome entry sites (IRES (29)).

Truncated mRNAs (Supplementary Table S6) may account for 16% of the detected
downPeptides. These genes have high-confidence capped mRNAs (27, 28) with 5′ ends that
map downstream of the annAUG or within 20 nt upstream; 5′UTRs less than 20 nt in length
are reported to reduce translation initiation efficiency (13). Many of these genes also express
longer mRNAs from more upstream transcription initiation that could allow translation
initiation at their annAUG or their dnAUGs.

Expression levels of mRNAs (27, 28) and proteins (30) are lower in downPeptide genes
compared to annPeptide (Fig. 4E–G). The lower mRNA levels may be explained in part by
nonsense mediated decay (31) due to frame 2 or 3 translation initiation at dnAUGs or
upstream AUGs. The lower protein levels, measured using frame-1 encoded C-terminal
epitope tags, may also be explained in part by inefficiency of translation reinitiation (11) or
lower protein half lives. Consistent with their lower expression, fewer internal trypsin
fragments were detected for downPeptide genes (average of 5 internal peptides) compared to
the annPeptides genes (9 internal peptides) DownPeptide detection might also be biased
towards genes with lower mRNA and protein expression due to under-annotation, for
example, of undetected truncated mRNAs

The Kozak sequence contexts surrounding the annAUGs of downPeptide genes are of
poorer quality compared to those of annPeptides genes (Fig. 4H), consistent with the
expected underutilization of annAUGs in downPeptide genes. This is emphasized by the
prevalence of U at the third nucleotide upstream of the annAUG in downPeptide genes
(19%) compared to the strong selection against U at this position in annPeptide genes (10%;
chi-square p < 0.0002); the identity of the -3 nucleotide is key to translation initiation (24,
25). The downPeptide genes with poorer annAUG Kozak context also have poorer protein
sequence conservation coded near the annAUG compared to the dnAUG (Supplementary
Fig. S3). The downPeptide genes also exhibit elevated Codon Adaptation Indices (CAI (32))
immediately downstream of their implicated dnAUG, suggesting selection for more
commonly used codons in this region (Supplementary Fig. S4).

The N-terminal peptides that map to annAUGs and dnAUGs are most readily explained by
translation initiation at the implicated AUGs. However, it is formally possible that
alternative mechanisms, such as protease activities, could account for some instances of
these N-terminal peptides, even though they map to AUG codons. For example, Vogtle et al.
(33) characterized the amino-termini of 615 proteins following cleavage of mitochondrial
signal peptides, and one of these proteins coincidentally has the same amino terminus as one
of the detected downPeptides (for the SDH2 Gene). However, the vast majority of our
reported downPeptides are most likely explained by translation initiation at dnAUGs,
especially given the supporting data from ribosome profiling, TRII score analysis, and CAI
assessment.
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Translation initiation at dnAUGs expands the proteome’s repertoire of protein functions as
well as targeting and localization within the cell (Supplementary Tables S7, S8). A large
number (25) of the detected frame-1 downPeptide genes encode a predicted signal sequence
between the annAUG and dnAUG, which in some cases may target the full-length and
truncated versions of the proteins to different cellular compartments (Fig. 1B). Predicted
motifs for several enzyme activities are also encoded between the annAUG and dnAUG
(Supplementary Tables S7, S8). In addition, the amino acid composition coded between the
annAUG and dnAUG of downPeptide genes has a greater tendency towards predicted
disorder than the equivalent regions of randomly selected genes (Supplementary Fig. S5),
which can facilitate association with regulatory cofactors (34). Although translation
initiation at annAUGs and dnAUGs may result in proteins with different functions or
localizations, it is also likely that for many genes, the alternative frame-1 products are not
significantly different in their behaviors. Indeed, over evolutionary time, the diversification
of initially similar products could underlie the emergence of new gene functions. Global
assessment of the Genome Ontology terms (GO terms; Supplementary Table S9) did not
reveal significant differences between the terms associated with annotated frame-1 proteins
of the downPeptide genes compared to the terms associated with the detected annPeptide
genes. However, proteins initiating at frame-2 and -3 dnAUGs add to the yeast proteome
complexity and potentially provide significant new functions.

These results suggest that the yeast proteome is more complex than currently annotated. The
proteomes of yeast, and by extension other species, are likely under-annotated. In some
cases, the amino-termini of proteins may be misannotated, but in many cases, genes
probably utilize multiple translation start sites, as also suggested by recent ribosome profile
results (3, 4), raising the interesting possibility that translation initiation can be a regulated
or probabilistic event. Translation of alternative protein products with different functions
and cellular localizations or targeting, provides a versatile mechanism to regulate and evolve
gene expression behaviors in response to environmental and developmental cues (35).
Moreover, analyses of individual gene products do not generally assume that proteins have a
diversity of amino termini, and this knowledge could have profound implications for the
design and interpretation of these studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Protein products from initiation at dnAUGs
(A) Amino-terminal derived peptides from translation initiation at dnAUGs can be
distinguished from annAUG initiation by the absence of an amino-terminal trypsin site. (B)
An example of dnAUG initiation. Yjl171cp is annotated as a GPI-anchored cell wall protein,
and the detected full-length Yjl171cp protein has an ER signal sequence; however, the
signal sequence is not predicted in the detected N-terminal truncated protein from initiation
at a dnAUG. N-terminal peptides for both the full-length and truncated proteins were also
detected following partial purification of C-terminal TAP-tagged Yjl171cp protein. (C) The
sequence databases for peptide mass spectrometry included products for terminal
methionine and signal peptide cleavage. Optional mass increases for acetylation (+42 Da) or
glutaraldehydation (+68 Da) were also assessed. (D) Potential mechanisms for translation
initiation at dnAUGs.
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Figure 2. MS/MS spectrum of CCT8 downPeptide
MS/MS spectrum of glutaraldehyde modified downPeptide fragment MAKLLNQLR from
gene CCT8 (id3545); the dnAUG maps 24 codons downstream of the annAUG. The
methionine and lysine are both modified by glutaraldehydation (+68 Da). This spectrum has
matches to many of the possible CID fragments (19 resolable 1+ ions out of 24; in addition,
the b6 fragment was detected among the +2 charged ions *). Matched +1 ion peaks are
labeled with designations (a, b and y ions labeled with green, red and blue respectively); the
a1 ion (arrowhead) is sometimes enhanced with glutaraldehyde treatment (16).
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Figure 3. Frame analysis of dnAUGs
(A–C) The distances (in nucleotides) between dnAUGs and annAUGs in downPeptide genes
are graphed for all frames pooled (A) or partitioned by frame (C). Compared to the
frequencies of all dnAUGs within 100 nt of the annAUG in the full genome (B), frame 1
downPeptides are over-represented (chi-square p < 0.001, all bins > 10). (D) The lengths of
frame-2 or -3 ORFs, defined by dnAUGs of detected downPeptides (188 ORFs, mean 74 nt),
are compared with the full set of theoretical ORFs of frame-2 or -3 dnAUGs that start and
finish within the annotated frame-1 ORFs (86,088 ORFs, mean 60 nt). ORFs of detected
downPeptides are significantly longer based on chi-squre analysis of the full distributions
(chi-square p < 2*10−7), as well as bootstrap analysis of means (p < 0.002).
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Figure 4. Ribosome profiles, gene expression, and TRII score analysis
(A, B) The ribosome profiles (3) of annAUGs of annPeptide genes have prominent signals at
nt positions 2, 3 and 15, and characteristic depression surrounding position 15. Aligned
dnAUGs of downPeptide genes show elevated signal at nt 2 and 15 (arrowheads), and
depression surrounding nt 15 (arrow). X-axis values show the 14th nt of ribosome tags
corresponding to the middle of the ribosome; position 1 is the A of the AUG start codon. Y-
axis values show mean relative tag densities for profiles of 259 annPeptide genes, and 17
downPeptide genes with annAUG TRII scores < 8 and >15 nt between the annAUG and
dnAUG. Tag densities for each gene were computed relative to their mean tags per nt in the
annORF (limited to genes with mean density > 0.1 tags per nt, 5% false identification rate
for glutaraldehyde-treatment data, and 1% for PeptideAtlas data). (C, D) Ribosome profiles
of all rank 1 dnAUGs with annAUG TRII < 8 (1267 genes) show elevated tag densities at nt
positions 2 and 15 suggesting that many of these genes initiate translation at their dnAUG.
Elevations at nt 2 and 15 are less pronounced for annAUG TRII ≥ 10 (1372 genes).
(E–G) DownPeptides genes have depressed mRNA expression (E), protein expression (F)
and ribosome densities (G) of their annotated ORFs (solid lines) compared to genes with
amino-peptides that map to the annAUG (annPeptide genes; broken lines). mRNA
expression and ribosome densities are from deep sequence analysis of Ingolia et al. (3).
Protein expression is of C-terminal TAP-tagged proteins as reported by Ghaemmaghami et
al. (30). The downPeptide and annPeptide distributions are significantly different in (E–G)
(chi-square p < 0.01).
(H) DownPeptide genes (solid line) have poorer sequence context surrounding their
annAUG, measured by Translation Relative Individual Information (TRII score (17, 26)),
compared to annPeptide genes (broken line). The distributions of TRII scores plotted for the
two gene sets are significantly different (chi-square p < 0.01).
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Table 1

Detected Amino-terminal Peptides

Experiments

Amino peptide property GLUT1 PeptideAtlas2

Total N-term peptides3 122 818

annAUG peptides4 99 519

downAUG peptides5 23 299

Acetylated peptides 53 376

Not acetylated peptides 68* 406

Acetylated and non-acetylated peptides 1 36

N-term met cleaved 73 294

Signal peptide cleaved 8 49

1
Glutaraldehyde-treated cell lysates; detection efficiency of N-terminal peptides, compared to internal peptides, was elevated due to glutaraldehyde

treatment

2
PeptideAtlas publicly deposited data at http://www.peptideatlas.org/repository/

3
A total of 903 N-terminal peptides were detected in 830 genes; 37 N-terminal peptides were detected in both experimental series

4
583 annPeptides were detected in 559 genes; 22 genes had both Met N-terminal-cleaved and uncleaved peptides, 2 genes had signal-peptide-

cleaved and uncleaved peptides

5
320 downPeptides were detected in 299 genes; 14 genes had different downPeptides that mapped to different dnAUGs, and 7 to the same dnAUG

(with and without cleavage modifications)

*
Glutaraldehyde modified peptides
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