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Abstract

The amount of the transcriptome that is translated into polypeptides is of fundamental importance.
We developed a peptidomic strategy to detect short ORF (SORF)-encoded polypeptides (SEPS) in
human cells. We identified 90 SEPs, 86 of which are novel, the largest number of human SEPs
ever reported. SEP abundances range from 10-1000 molecules per cell, identical to known
proteins. SEPs arise from sORFs in non-coding RNAs as well as multi-cistronic mRNAs, and
many SEPs initiate with non-AUG start codons, indicating that non-canonical translation may be
more widespread in mammals than previously thought. In addition, coding SORFs are present in a
small fraction (8/1866) of long intergenic non-coding RNAS (lincRNASs). Together, these results
provide the strongest evidence to date that the human proteome is more complex than previously
appreciated.
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Introduction

Results

The complexity of the small proteome remains incompletely explored because genome
annotation methods generally break down for small open reading frames (ORFs), generally
with a length cutoff of 100 amino acids (this needs a citation - Frith MC et al. again).
Computational® and ribosome profiling? studies have suggested that thousands of these non-
annotated mammalian SORFs are translated. However, since these studies did not directly
detect the presence of any SORF-encoded polypeptides (SEPS), it remains unknown whether
SORFs produce polypeptides that persist in cells at biologically relevant concentrations, or
are rapidly degraded. Indeed, biochemical analysis of the translation of two SORFs
identified in the yeast GCN4 gene by ribosome profiling revealed that only one expressed
detectable polypeptide product?.

If SEPs do exist at physiologically relevant concentrations in cells, they may execute
biological functions. Short open reading frames (SORFs) in the 5”-untranslated region (5’-
UTR) of eukaryotic nRNAs (UORFs) are well studied*6 and some have been shown to
produce detectable polypeptides’- . In addition to UORFs, other SORFs in bacteria®,
viruses0, plants!l 12, Saccharomyces cerevisiae'3, Caenorhabditis eleganst*, insects1® 16,
and humans!’ have recently been discovered to produce polypeptides. Notably, the peptides
encoded by the polycistronic tarsel-less (tal) gene in Drosophila, which are as short as 11
amino acids, regulate fly morphogenesis!® 16,

While no general method for discovering SEPs exists, attempts have been made to
systematically identify these molecules. In £. coli, for example, experiments in which
predicted SORFs were epitope-tagged revealed 18 SEPs!8 (which we define as polypeptides
that are synthesized on the ribosome at a length of less than 150 amino acids). In another
example, a combination of computational and experimental approaches identified 299
potentially coding SORFs in S. cerevisiae, four of which were confirmed to produce protein
and 22 of which appeared to regulate growth!2. In human cells, an unbiased proteomics
approach identified a total of four SEPs in K562 and HEK?293 cell lines with a length
distribution of 88-148 amino acids!®. The discordance between the small number of SEPs
detected with previous methodologies in human cells1® and the large number of coding
SORFs described by ribosome profiling? and computational methods? leaves open the
possibility that SEPs are not produced as predicted or are rapidly degraded and therefore not
detectable.

To resolve this question we developed of a novel SEP discovery and validation strategy that
combines peptidomics and massively parallel RNA sequencing (RNA-seq) (Fig. 1a). This
strategy uncovered 90 SEPs, 86 of which are novel, demonstrating that SEPs are much more
abundant that previously reported. In addition, characterization of the encoding SORFs
revealed interesting non-canonical translation events that give rise to SEPs, including
bicistronic expression and the use of non-AUG start codons. One SEP, derived from the
DEDD?2 gene, localizes to mitochondria, which suggests that SEPs could generally have
specific cellular localizations and functions. Together, these results indicate that the human
proteome is enriched in complexity through translation of SORFs.

Discovering SEPs encoded by annotated transcripts

We developed a novel strategy that combines peptidomics and massively parallel RNA
sequencing (RNA-seq) to discover human SEPs (Fig. 1a). Peptidomics augments the
traditional liquid chromatography-tandem mass spectrometry (LC-MS/MS) proteomics
workflow to preserve and enrich small polypeptides20. In this context, the use of
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peptidomics increases the total number of SEPs detected, including a greater number of
shorter SEPs. We isolated peptides from K562 cells, a human leukemia cell line, because we
could use previously reported SEPs in this cell line as positive controls!®. Endogenous K562
polypeptides were isolated using our standard peptidomics workflow2? with great care being
taken to reduce proteolysis. Proteolysis is detrimental because the processing of cellular
proteins greatly increases the complexity of the peptidome, which deteriorates the signal-to-
noise ratio during the subsequent analysis2L. After isolation, the K562 polypeptides were
digested with trypsin and analyzed by LC-MS/MS. Based on previous results from our lab??
and others?3 that the optimal size for detection by LC-MS/MS is approximately 10-20 amino
acids, trypsin digest is crucial for high-sensitivity SEP detection.

To identify SEPs it was necessary to use a modified protocol for LC-MS/MS data analysis.
Standard proteomics and peptidomics approaches identify peptides by matching
experimentally observed spectra to databases of predicted spectra based on annotated genes,
which would not include SEPs. We therefore created a custom database containing all
polypeptides that could possibly be translated from the human transcriptome (RefSeq) (Fig.
1a). Using Sequest, an analysis program used to identify peptides from MS/MS spectra4 25,
we compared >200,000 MS/MS peptide spectra to this RefSeqg-derived polypeptide
database. This resulted in 6548 unique peptide identifications. We arrived at a tentative list
of SEPs by keeping only those tryptic peptides that differed by at least two amino acids from
every annotated protein to minimize the possibility of false positives arising from
polymorphisms in annotated genes.

Due to the small size of SEPs, it is unlikely that an unbiased peptidomics experiment will
detect more than one tryptic fragment of a given SEP, though for eleven SEPs we did
observe two or more fragments (Supplementary Dataset 1). This contrasts with standard
proteomics studies, which, on account of the numerous tryptic fragments generated from full
size proteins, use the detection of more than one peptide to support the identification of a
protein. Realizing that we would likely not be able to rely on the confidence contributed by
the inherent redundancy of multiple-peptide protein identifications for SEP discovery, we
submitted the candidate peptide spectrum matches (PSMs) to a rigorous evaluation
procedure to ensure the highest confidence for each SEP.

First, we discarded any PSM with an Sf score of less than 0.75 (the threshold for a typical
proteomics experiment is Sf < 0.426). This eliminated over 95% of the candidate set. We
then visually examined each remaining MS/MS spectrum to ensure that it met a stringent set
of criteria (Supplementary Results, Supplementary Fig. 1). In particular, we required that
there be a sequence tag of five consecutive b- or y-ions, a precursor mass error of <5 ppm,
and sufficient sequence coverage to unambiguously differentiate each peptide from every
annotated protein sequence. This step reduced the remaining peptide pool by approximately
75%, for a total of 39 putative SEPs. Our PSM evaluation procedure therefore selected the
most confident ~1% of the peptide identifications in our original candidate set. As a check
on the effectiveness of this procedure, we compared the experimentally collected MS/MS
spectra of several identified peptides to that of identical synthetic peptides (Fig. 1b).

Lastly, to further reduce the probability of false positives, we comprehensively assembled
and cataloged the K562 transcriptome using RNA-seq and crosschecked the assembled
RNA-seq transcripts against our candidate SORF list. In this manner we confirmed that at
least 37 of the 39 implicated SORFs are present in this cell line and that no other sequence in
the assembled K562 RNA-seq transcripts could produce the detected peptides (Fig. 2 and
Supplementary Dataset 1). This eliminated the possibility that the detected SEPs arose from
point mutations in annotated genes, longer unannotated ORFs containing identical tryptic
peptides, or post-transcriptional modification or editing of RNAs. We note that a similar
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sample prepared without trypsin failed to identify any SEPs, demonstrating the importance
of trypsin in generating an ideal sample for LC-MS/MS.

The 37 SEPs discovered through analysis of RefSeq transcripts fall into five major
categories: (i) those located in the 5"-UTR, (ii) those located in the 3"-UTR, (iii) those
located in a different reading frame inside an annotated protein coding sequence (CDS), (iv)
those located on non-coding RNAs (ncRNAs), and (v) those located on antisense transcripts
(Fig. 2a and 2b). The locations of these SORFs mirror the distribution obtained from
ribosome profiling?, indicating that our peptidomics coverage achieves the necessary
breadth and depth to reveal global properties of SORFs (Fig. 2b). Many of these SEPs appear
to be derived from polycistronic MRNAS, which is interesting because this phenomenon has
historically been thought to be rare in eukaryotes. However, our findings here are again
consistent with those of ribosome profiling studies?.

SEPs are derived from unannotated transcripts

Some SEPs may have been overlooked (false negatives) in our analysis of RefSeq
transcripts due to the presence of RNAs in K562 cells that are not annotated in the RefSeq
database. To account for such RNAs we also analyzed the LC-MS/MS peptidomics data
using a second custom database derived from K562 RNA-seq data. Furthermore,
recognizing that recent ribosome profiling studies identified a number of SORFs within the
pool of long intergenic non-coding RNAs (lincRNASs) in mouse 2, we generated an extensive
catalog of K562 lincRNAs by applying a previously described lincRNA-calling pipeline?’ to
our RNA-seq data and searched the corresponding protein database against our data sets. We
applied the same stringent criteria for scoring and assessing peptide-spectral matches, and
eliminating peptides with fewer than two differences from annotated proteins; we also
eliminated any peptides of fewer than 8 amino acids in order to further reduce false
positives. These analyses yielded an additional 54 SEPs.

Combining the RefSeq and RNA-Seq results, we discovered 90 unannotated SEPs, four of
which were previously reported and thus served as positive controls!®, and 86 of which are
novel (Fig. 2c¢, Supplementary Dataset 1 and Supplementary Dataset 2). The average length
of each tryptic peptide identified using this approach was 13-14 amino acids and 90% of the
peptides were longer than 18 amino acids, which supports the use of trypsin to generate an
ideal LC-MS/MS sample for SEP discovery (Supplementary Fig. 1). This is the largest
number of SEPs ever reported in a single study and increases the total number of known
human SEPs7. 19 by ~18-fold, demonstrating the superior coverage afforded by our
approach.,Analysis of the evolutionary conservation of the SEPs across 29 mammalian
species suggested that SEPs are more conserved than introns, but not as conserved as known
coding genes?8 (Supplementary Fig. 3).

SEP translation is initiated at non-AUG codons

Because we performed mass spectrometry on trypsin-digested samples, we do not obtain full
protein-level SEP sequence coverage, and in particular do not directly observe the N
terminus. We therefore assigned the likely start codon for each SEP in order to determine
their lengths. When present, an upstream in-frame AUG was assumed to be the initiation
codon. If no upstream AUG was present, the initiation codon was assigned to an in-frame
near-cognate non-AUG codon embedded within a Kozak-consensus sequence 2°. In a few
cases, neither of these conditions was met, so the codon immediately following an upstream
stop codon was used to determine maximal SEP length.

Using this approach, we determined the SEPs to be 18-149 amino acids long, with the
majority (~ 80%) being <100 amino acids (Fig. 2c). If we take a more conservative approach
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by using an AUG-to-stop or upstream-stop-to-stop, we obtain similar SEP length
distribution and retain our smallest SEPs (Supplementary Fig. 4). As the shortest human
SEP previously identified by mass spectrometry was 88 amino acids long, it is clear that
our approach provides superior coverage of small SEPs. This is significant because many
previously characterized, functional SEPs in other species are under 50 amino acids® 1517,

Another interesting feature of our results is the preponderance of non-canonical translation
start sites: 57% of the detected SEPs do not initiate at AUG codons (Fig. 2d). This finding is
consistent with the results of ribosome profiling experiments in mouse, which indicate that,
globally, most ORFs contain non-AUG start sites?. Below we obtain data demonstrating that
these non-AUG sites are the actual initiation codons of the SORFs.

Supporting SEP length assignments

We used two approaches to gain additional insight into the lengths of our SEPs. First, rather
than relying solely on a molecular weight cutoff filter we used polyacrylamide gel
electrophoresis (PAGE) to better separate the K562 lysate into different molecular weight
fractions. PAGE can be used as a molecular weight fractionation method prior to proteomics
and this approach has successfully been used to study proteolysis30. With SEPs, PAGE
would provide a tighter molecular weight range, which would support the assigned lengths
of the SEPs. Indeed, analysis of the ~10-15 kDa portion of the K562 found SEPs that we had
identified as being 90-120 amino acids in length, supporting that these SEPs are intact in
these cells which would lead them to migrate at ~10-15 kDa (Supplementary Dataset 1).
Importantly, using this approach, we identified more than one tryptic peptide for several
SEPs that previously presented only one, providing even greater confidence in the SEP
assignments.

We still wanted to detect full-length SEPs directly in K562 lysates and therefore performed
an isotope-dilution mass spectrometry (IDMS) experiment with chemically synthesized full-
length SEPs. We prepared two SEPs,
MLHSRKRELRQVLITNKNQVLITNKQVRLTLLLTLG and
MLRCFFPKMCFSTTIGGMNQRGKRK, with a deuterated leucine (d10-Leu, amino acid
that is bold, red and in italics). These two peptides were then added to K562 lysate and the
sample was analyzed by LC-MS. These peptides co-eluted with peptides from the sample
with the correct mass for the natural SEPs (Supplementary Fig. 5). Due to the high charge
state of the peptides (+5 ions) the tandem MS (CID) was not informative, which led us to
use additional methods for conformation including IDMS of trypsin fragments and cellular
imaging experiments. Our current instrumentation configuration is not designed to easily
measure full-length SEPs directly from lysates; however, other mass spectrometry methods
including top-down proteomics3! and high-resolution mass spectrometry approaches for
peptide detection32, should enable the discovery and/or validation of full-length SEPs in the
future.

Cellular concentrations of SEPs

We wished to explore the biological properties of SEPs. First, we examined the cellular
concentrations (K562 cells) of three selected SEPs (ASNSD1-SEP, PHF19-SEP and
H2AFx-SEP) using isotope dilution mass spectrometry33 (Fig. 3a). (We refer to SEPs by
appending “-SEP” to the name of the annotated CDS nearest the SORF; the SORF is given
the same name but italicized.) These SEPs were found at concentrations between 10 and
2000 copies per cell (Supplementary Table 1). Thus, based on previous estimates of protein
copy numbers, SEPs are found at concentrations well within the range of typical cellular
proteins34-36, We further note that the MS/MS spectra from the synthetic standards used in
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these experiments were nearly identical to those produced from the endogenous peptide and
eluted at the same retention time as same, thus confirming these identifications (Fig. 3b).

Heterologous expression of SEPs

We tested whether the implicated RNA transcripts and SORFs were competent to produce
SEPs. Constructs were designed to produce full-length mRNAs, including 5" and 3" UTRs,
that matched those in the RefSeq database3’. We selected SORFs in the 5"-UTR, the 3'-
UTR, or frameshifted within the CDS, and encoded a FLAG epitope tag at the 3’-end of
each sORF (so that initiation is unperturbed). The uUORFs ASNSDI1-SEP, PHF19-SEP,
DNLZ-SEP, EIF5-SEP, FRAT2-SEP, YTHDF3-SEP, CCNA2-SEP, DRAPI-SEP, TRIP6-
SEP, and C7ORF47-SEPall produced cytoplasmically localized polypeptides, as detected
by anti-FLAG immunofluorescence in transfected HEK293T cells (Fig. 4a and
Supplementary Fig. 6). Most importantly, the fact that FRAT2-SEP, Y THDF3-SEP,
CCNAZ2-SEP, DRAPI-SEP, TRIP6-SEP, C7ORF47-SEP, which do not have any upstream
in frame AUG codons, produced SEPs verifies that SORFs with non-AUG start codons are
translated (Fig. 4a).

By contrast, the DEDD2-SEP sORF was not translated from the full-length RefSeq
construct. DEDDZ2-SEP is frameshifted deep within the main CDS of the DEDD2 transcript,
so according to the scanning model of translation38 it is not expected that this downstream
SORF would be translated (Fig. 4a). One possible explanation for our observation of the
DEDD2-SEP is that it is translated from a splice variant of the DEDD2 RNA that is present
in K562 cells, but is not in RefSeq. In support of this hypothesis, we identified a truncated
DEDD2 mRNA in the RNA-seq data wherein the first start codon is that of the DEDD2-SEP
SORF (Supplementary Fig. 7). The 3’-UTR-embedded H2AFx-SEP was similarly not
translated from the full-length mRNA construct; however, we were not able to clearly
identify a truncated version of the H2AFx transcript in the K562 RNA-seq data. It is
possible that a truncated H2AFx mRNA variant is present in K562 cells but is not detectable
or not resolvable from the full-length H2AFx transcript.

SEPs exhibit subcellular localization

We subcloned expression constructs for FLAG-tagged DEDD2-SEP and H2AFx-SEP to
determine whether these SEPs are stable. The HZAFx-SEP sORF produced a cytoplasmic
polypeptide in HEK293T cells (Supplementary Fig. 8). Interestingly, DEDD2-SEP localizes
to mitochondria in HEK293T, mouse embryonic fibroblast (MEF), and COS7 cells, as
demonstrated by co-localization with the mitochondrial marker MitoTracker Red (Fig. 4b
and Supplementary Fig. 9). The N-terminus of DEDD2-SEP is predicted to contain a
mitochondrial import signal®®. Sequence-dependent trafficking and subcellular localization
of SEPs could therefore be general phenomena related to their biological activities.

Non-AUG start codons enable bicistronic expression

Since such a large proportion of SEPs putatively initiate at non-AUG sites, we wanted to
rigorously identify the alternate start codon of one these SORFs. C-terminally FLAG-tagged
FRAT2-SEP was expressed from the full-length mRNA construct in HEK293T cells and
immunoprecipitated; mass spectrometry of the purified protein (Supplementary Fig. 10) was
consistent with initiation at an ACG triplet embedded within a Kozak consensus sequence??
(Supplementary Fig. 11). Mutating the ACG to an ATG resulted in increased FRAT2-SEP
translation while deletion of this ACG abolished FRAT2-SEP production, as assessed by
Western blotting, thus confirming our assignment (Fig. 5a). In addition, mutation of the
Kozak consensus sequence to less favorable residues led to markedly lower FRAT2-SEP
expression, which demonstrates the importance of the Kozak sequence at non-AUG
initiation sites.

Nat Chem Biol. Author manuscript; available in PMC 2013 July 01.
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The scanning model of translation provided an explanation as to why the DEDD2 mRNA is
not bi-cistronic; we hypothesized that upstream alternate start codons could provide a
mechanism to promote polycistronic gene expression via leaky scanning. To test whether
FRAT2 mRNA is bi-cistronic, we prepared a FRAT2 construct where the SEP and the
downstream CDS were tagged with different epitopes (Fig. 5a), permitting their
simultaneous detection by immunoblotting with two antibodies. We found that the FRAT2
RNA is bi-cistronic, as FRAT2 and FRAT2-SEP are both expressed (Fig. 5a). Remarkably,
mutation of the ACG start codon of the FRATZ2-SEPto an ATG increases FRAT2-SEP
expression, but also completely eliminates the expression of FRAT2 protein, revealing that
the translation of the downstream cistron absolutely requires leaky upstream initiation.
Therefore, this experiment indicated that an upstream non-AUG initiation codon is
necessary for efficient polycistronic gene expression.

While we attribute FRAT2-SEP translation and bi-cistronic expression to alternate start
codon use, we note that another interesting mechanistic possibility for FRAT2-SEP
translation is partial (or incomplete) RNA editing, which could modify the ACG to AUG
post-transcriptionally. The role of RNA editing in generating SORF start codons at the RNA
level could be studied in the future via genetic knockout of the enzymes responsible for this
activity0.

A Small Subset of incRNAs encode SEPs

Another intriguing feature of these experiments was the discovery of SEPs encoded by
lincRNAs. lincRNAs have emerged as an important class of regulatory molecules with
intrinsic biological functions (e.g., hotair, xist)*! 42. Ribosome profiling experiments in
mouse cells indicate the presence of translated SORFs on nearly half of the lincRNAs
analyzed?, which is much higher than expected!: 43. 44 By contrast, our peptidomics
analysis identified 8 SEP-encoding lincRNAs (Supplementary Dataset 1), which represents
just 0.4% of the1866 lincRNAs detected in our RNA-seq analysis of K562.

This disparity may result from a number of factors, including false positive identifications
by ribosome profiling techniques 3. Additionally, ribosome profiling may identify rare
translational events that do not generate enough protein to be detected by LC-MS/MS, since
mass spectrometry is biased towards the detection of more abundant peptides®. It is also
possible that some of the SORFs identified by ribosome profiling may produce polypeptides
that are rapidly degraded and therefore would be undetectable using any analytical approach.
Future work coupling ribosome profiling with mass spectrometry should help resolve these
questions and provide a better understanding of the factors governing SEP expression.

Discussion

In contrast to previous attempts to use mass spectrometry to discover unannotated human
coding sequences, we successfully access the pool of SEPs that are under 50 amino acids in
length. This is unprecedented for a global discovery technique and is a crucial step towards
understanding the biology of these molecules, for many of the known SEPs®17 are below
this size threshold. Moreover, the unbiased discovery of SEPs also provided insights into
protein translation through the characterization of non-AUG codons and validation of
mammalian polycistronic gene expression. Taken together, these findings provide the
strongest evidence to date that coding SORFs constitute a significant human gene class.
Moreover, due to the bias of mass spectrometry for more abundant species®®, which limits
the scope of our technique to the most highly expressed SEPs, and our conservative
identification criteria it is probable that there are many more as-yet-undiscovered human
SEPs. Thus, we believe we have only begun to explore the breadth and diversity of this new
family of polypeptides.
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Online Methods

Cloning and mutagenesis

Cell culture

DNA constructs were prepared by standard ligation, Quikchange, or inverse PCR
techniques. Human cDNA clones were obtained from Open Biosystems and subcloned into
pcDNAZ3, which uses a CMV promoter. Gene synthesis was performed by DNA2.0. Plasmid
sequences are publicly available upon request. We note that the YTHDF3-SEP construct
consisted of the 5"-UTR putatively encoding the SEP only, obtained via gene synthesis
because a full-length cDNA construct with an intact 5"-UTR was not commercially
available.

Cells were grown at 37°C under an atmosphere of 5% CO,. HEK293T, HelLa, COS7 and
MEF cells were grown in high-glucose DMEM supplemented with L-glutamine, 10% fetal
bovine serum, penicillin and streptomycin. K562 cells were maintained at a density of 1-10
x 10° cells/mL in RPMI11640 media with 10% fetal bovine serum, penicillin and
streptomycin.

Isolation and processing of polypeptides

Aliquots of 3 x 107 growing K562 cells were placed in 1.5 ml Protein LoBind Tubes
(Eppendorf), washed three times with PBS, pelleted and stored at —80 °C. Boiling water
(500 pl) was added directly to the frozen cell pellets and the samples were then boiled for 20
minutes to eliminate proteolytic activity2?: 22, After cooling to room temperature, samples
were sonicated on ice for 20 bursts at output level 4 with a 40% duty cycle (Branson
Sonifier 250; Ultrasonic Convertor). The cell lysate was then brought to 0.25% acetic acid
by volume and centrifuged at 20,000 x g for 20 minutes at 4°C. The supernatant was sent
through a 30 kD or 10 kD molecular weight cut-off (MWCO) filter (Modified PES
Centrifugal Filter, VWR). The mix of small proteins and peptides in the flow-through was
evaluated for protein content by BSA assay and then evaporated to dryness at low
temperature in a SpeedVac. Pellets were re-suspended in 50 pl of 25mM TCEP in 50mM
NH4HCO3 (pH=8) and incubated at 37 °C for 1 hour. The reaction was cooled to room
temperature before 50 .l of a 50 mM iodoacetamide solution in 50 mM NH4HCO3. This
solution was incubated in the dark for 1 hour. Samples were then dissolved in a 50 mM
NH4HCO3 solution of 20 pg/pl trypsin (Promega) to a final protein to enzyme mass ratio of
50:1. This reaction was incubated at 37 °C for 16 hours, cooled to room temperature and
then quenched by adding neat formic acid to 5% by volume. The digested peptide mix was
then bound to a C18 Sep Pak cartridge (HLB, 1cm?; 30mg, Oasis), washed thoroughly with
water and eluted with 1:1 acetonitrile/water. The eluate was evaporated to dryness at low
temperature on a SpeedVac.

Offline electrostatic repulsion-hydrophilic interaction chromatography (ERLIC)
fractionation of polypeptide fraction

To simplify the sample and thereby improve detection sensitivity in the subsequent LC-MS/
MS analysis, we separated the processed peptide mix by ERLIC#6:47. ERLIC was performed
using a PolyWax LP column (200 x 2.1 mm, 5um, 300A; PolyLC Inc.) connected to an
Agilent Technologies 1200 Series HPLC equipped with a degasser and automatic fraction
collector. All runs were performed at a flow rate of 0.3 ml/min and ultraviolet absorption
was measured at a wavelength of 210 nm. Forty (30 kD sample) or 25 (10 kD sample)
fractions were collected over a 70 minute gradient beginning with 0.1% acetic acid in 90%
acetonitrile (ag.) and ending with 0.1% formic acid in 30% acetonitrile (ag.). The fractions
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were then evaporated to dryness on a SpeedVac and dissolved in 15 pl 0.1% formic acid
(aqg.) in preparation for LC-MS/MS analysis.

LC-MS/MS analysis. Samples were injected onto a NanoAcquity HPLC system (Waters)
equipped with a 5 cm x 100 um capillary trapping column (New Objective) packed with 5
um C18 AQUA beads (Waters) and a PicoFrit SELF/P analytical column (15 wm tip, 25 cm
length, New Objective) packed with 3 um C18 AQUA beads (Waters) and separated over a
90 minute gradient at 200 nl/min. This HPLC system was online with an LTQ Orbitrap
Velos (Thermo Scientific) instrument, which collected full MS (dynamic exclusion) and
tandem MS (Top 20) data over 375-1600 m/z with 60,000 resolving power.

Data processing

The acquired MS/MS spectra were analyzed with the SEQUEST algorithm using a database
derived from 6-frame (forward and reverse) translation of RefSeq (National Center for
Biotechnology Information) mRNA transcripts or 3-frame (forward only) translation of a
transcriptome assembly generated by Cufflinks*® using RNA-Seq data from the K562 cell
line (data acquisition described below). The search was performed with the following
parameters: variable modifications, oxidation (Met), N-acetylation; semitryptic requirement;
maximum missed cleavages: 2; precursor mass tolerance: 20 ppm; and fragment mass
tolerance: 0.7 Da. Search results were filtered such that the estimated false discovery rate of
the remaining results was 1%. The Sf score is the final score for protein identification by the
Proteomics Browser software based on a combination of the preliminary score, the cross-
correlation and the differential between the scores for the highest scoring protein and second
highest scoring protein25.

Identified peptides were searched against the Uniprot human protein database using a string-
searching algorithm. Peptides found to be identical to fragments of annotated proteins were
eliminated from the SEP candidate pool. The remaining peptides were searched against non-
redundant protein sequences using the Basic Local Alignment Search Tool (BLAST). Any
peptides found to be less than two amino acids different from the nearest protein match (i.e.,
identical or different by one amino acid) were discarded.

The spectra of the remaining peptides were subjected to a rigorous manual validation
procedure: spectra were rejected if they had a precursor mass error of >5 ppm, if they lacked
a sequence tag of 5 consecutive b- or y-ions, if they had more than one missed cleavage, or
if they lacked sufficient sequence coverage to differentiate from the nearest annotated
protein. Finally, peptides under 8 amino acids in length were discarded in order to further
minimize false positive identifications.

RNA-Seq library preparation, alignment, and transcriptome assembly

Two types of cDNA libraries were generated from K-562 RNA (Ambion). In the first
experiment, we used 50 nanograms of polyA* RNA to create standard, non-strand-specific
cDNA libraries with paired-end adaptors as previously described 4° and sequenced it on one
lane of an lllumina Genome Analyzer Ila machine. In the second experiment, we used eight
different amounts of total RNA (30 ng, 100 ng, 250 ng, 500 ng, 1000ng, 3000 ng, and
10,000 ng) to create cDNA libraries with paired-end, indexed adaptors following the
instructions for the lllumina TruSeq RNA sample prep kit, except that we used SuperScript
Il instead of SuperScript 11 and optimized PCR cycle number. These libraries were
sequenced on a single lane of a HiSeq2000 machine. RNA-Seq reads were aligned to the
human genome (Hg19 assembly) using TopHat [version V1.1.4;50] and transcriptome
assembly was performed using Cufflinks [version V1.0.0;%8]. lincRNAs were called based
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on a lincRNA-calling pipeline as previously described?’. The transcriptome data is
deposited on GEO (GSE34740).

Peptide synthesis, purification and concentration determination

Automated (PS3 Protein Technology, Inc.) solid-phase peptide synthesis was carried out
using Fmoc amino acids. Crude peptides were HPLC (Shimadzu)-purified using a C18
column (150 mm x 20 mm, 10 wm particle size, Higgins Analytical). The mobile phase was
adjusted for each peptide; buffer A was 99% H,0, 1% acetonitrile, and 0.1% TFA, buffer B
was 90% acetonitrile, 10% H»0, and 0.07% TFA). Pure fractions were identified by
MALDI-MS analysis, combined, and lyophilized. Peptide concentrations were determined
by amino acid analysis (AlBio Tech).

SEP analysis by PAGE

A total of 600Lg of K562 protein was loaded on to 4 lanes (150 g protein/lane) and run on
a 16% Tricine gel 1.0 mm (Novex) at 100 V for 90 minutes. The gel was stained with
Coomassie blue for 1 hour and destained. Dual Xtra Standards (Bio-Rad) was used as the
molecular weight marker. The gel was then excised into three sections, 10-15 kDa and
transferred into 1.5 ml Protein LoBind Tubes (Eppendorf). Each fraction of the gels was
washed with 1 ml of 50% HPLC grade acetonitrile/water three times. The samples were
stored at —80 °C before LC-MS/MS analysis. In gel trypsin digestion was performed and the
sample was then analyzed using the standard LC-MS method.

Confirmation of the existence of full-length SEPs

Automated (PS3 Protein Technology, Inc.) solid phase peptide synthesis was carried out
using Fmoc amino acids and pyclock as an activation reagent. One leucine residue on each
peptide was replaced with isotopically labeled d10 Leucine-Fmoc (Sigma). Successful
peptide synthesis was confirmed via MALDI-TOF and LC-MS/MS. Peptides from 9x107
K562 cells were isolated as previously described except no tryptic digest was performed.
Peptides were dissolved in 95% water and 5% acetonitrile. Synthetic peptides were added to
the endogenous peptide aliquot to a concentration of 2.8nM. The sample was analyzed on a
LC-MS/MS LTQ-Orbitrap Velos system as previously described except chromatography
was conducted over a 360 minute gradient, and ions corresponding to the +5 charge state of
the synthetic and endogenous full length peptides were targeted for fragmentation by CID.

Absolute quantification of SEPs

Isotope dilution mass spectrometry (IDMS)32 was used to determine the concentration of
SEPs in K562 cells. All samples for this experiment were prepared by adding known
amounts of heavy isotope-labeled peptides corresponding the detected fragment of the SEP
of interest to a K562 cell pellet (107 cells) just before isolation of the polypeptides from
these cells. The preparation of these samples was identical to that described above except
that no ERLIC separation was done. The first step of the quantification procedure was to
prepare a set of samples where each sample contained a different but known amount (1
fmol, 10 fmol, 50 fmol, 100 fmol, 500 fmol, 1 pmol or 10 pmol) of the heavy-labeled
counterpart peptide. These samples were then analyzed by a selected ion monitoring (SIM)
method on the previously described LC-MS/MS system and the resulting data was analyzed
using Xcaliber 2.0 (Thermo Scientific). The areas of the peaks corresponding to the
endogenous and isotope-labeled peptides were compared to determine the approximate
concentration of the SEP and a standard curve was generated to verify that the quantity of
the SEP fragment was within the linear range of the mass spectrometer. A second set of
samples that each contained an amount of isotope-labeled peptide that was within the linear
range of the instrument and within an order of magnitude of the amount of the
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corresponding endogenous peptide in the cells was then prepared (N=4) and analyzed as
described. The results of this experiment were used to determine the absolute cellular
concentration of the selected SEPs.

Imaging SEPs by immunofluorescence

HelLa, COS7, and MEF cells were grown to 80% confluency on glass coverslips in 48-well
plates; HEK293T cells were grown to 50-75% confluency on fibronectin (Millipore)-coated
glass coverslips in 48-well plates. Cells were transfected in Opti-MEM (Invitrogen) with
250 ng plasmid DNA using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. 24 hours after transfection, cells were fixed with 4% formalin in
phosphate buffered saline (PBS) for 10 minutes at room temperature, and then
permeabilized with methanol at —20°C for 10 minutes. Fixed cells were blocked with
blocking buffer (3% BSA in PBS with 0.5% Tween-20), then incubated overnight at 4°C
with anti-FLAG M2 antibody (Sigma) diluted 1:1000 in blocking buffer. After washing 3x
with PBS, cells were then stained for one hour at room temperature with goat anti-mouse
AlexaFluor 488 conjugate (Invitrogen) diluted 1:1000 in blocking buffer. Cells were washed
3x with PBS, post-fixed with 4% formalin for 10 minutes at room temperature, then
counterstained with a final concentration of 270 ng/mL Hoescht 33258 (Invitrogen) in PBS
for 15 minutes at room temperature. Cells were then imaged in PBS in glass-bottom imaging
dishes (Matek Corp.). For mitochondrial co-localization analysis, transfected cells were
treated with MitoTracker Red CMXRos (Invitrogen) at a final concentration of 200 nM in
PBS at 37°C for 15 minutes, washed once with PBS, then fixed with formalin and methanol
and immunostained as described above.

Images were acquired in the Harvard Center for Biological Imaging on a Zeiss LSM 510
inverted confocal microscope with the following lasers: 405 Diode, 488 (458,477,514)
Argon, 543 HeNe and 633 HeNe. Image acquisition was with either AIM or Zen software.
Images were acquired with a 60x oil immersion objective.

Determination of the FRAT2-SEP start codon by immunoprecipitation and MALDI-MS

COS7 and HEK293T cells were grown in 10-cm dishes to 75% confluency, then transfected
with 10 pg plasmid DNA using Lipofectamine 2000 according to the manufacturer’s
instructions. 24 hours after transfection, cells were harvested by scraping and washed 3x
with PBS. Cells were lysed in 400 L Triton lysis buffer (1% Triton X-100 in Tris-buffered
saline (TBS) with Roche Complete Mini Protease Inhibitor added) on ice for 15 minutes,
then lysates were clarified by centrifugation at 16,100 x g for 20 minutes at 4°C. Clarified
lysates were added to 50 L of PBS-washed anti-FLAG M2 agarose resin (Sigma) and
rotated at 4°C for 1 hour. Beads were washed 6x with TBS-T (Tris-buffered saline with
0.05% Tween-20). To elute bound proteins, 50 uL of 100 ug/mL 3x FLAG peptide (Sigma)
in TBS-T was added to the resin and rotated at 4°C for 20 minutes. Eluates were stored at
—80°C until further analysis.

For MALDI-MS analysis, the entire protein sample was desalted using a C18 Sep Pak
cartridge (HLB, 1cm3; 30mg, Oasis) and eluted in 50% acetonitrile. The sample was dried in
a SpeedVac, and then dissolved in a final volume of 10 L mass spectrometry-grade water
(Burdick & Jackson). This solution (1 L) was mixed with matrix (a-cyano-4-
hydroxycinnamic acid in 50% acetonitrile, 1 pL) on a stainless steel MALDI plate and air-
dried. Data were acquired on a Waters MALDI micro MX instrument operated in linear
positive mode. Instrument control and spectral acquisition were with MassLynx software.
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Confirmation of the FRAT2-SEP initiation codon, Kozak sequence, and bicistronic
expression by immunoblotting

HEK293T cells were grown to 75% confluency in 6-well plates, then transfected with 10 g
plasmid DNA using Lipofectamine 2000 according to the manufacturer’s instructions. Cells
were harvested by vigorous pipetting and lysed in 100 L Triton lysis buffer. Samples of
clarified lysate (20 L) were mixed with SDS-PAGE loading buffer, boiled, and
electrophoresed on 4-20% Tris-HCI gels (Bio-Rad). Two replicate gels were run. Proteins
were transferred to nitrocellulose (0.20 um pore size, Thermo Scientific) and immunoblots
were probed with anti-FLAG M2 antibody (Sigma) followed by goat anti-mouse IR dye 800
conjugate (LICOR). For bicistronic expression assays, immunoblots were probed with a
mixture of rabbit anti-c-myc antibody (Sigma) and anti-FLAG M2, followed by a mixture of
goat anti-mouse IR dye 800 and goat anti-rabbit IR dye 680 (LICOR). A replica immunoblot
was probed with mouse anti--actin followed by goat anti-mouse IR dye 800. Antibodies
were diluted 1:2000 in Rockland Immunochemicals fluorescent blocking buffer. Infrared
imaging was performed on a LICOR Odyssey instrument.

Annotation of SEPs in Supplementary Dataset 1

The full list of SEPs identified in this study including genome coordinates of the SORF, the
actual LC-MS detected peptide(s), probable start codon and estimated length of SEP in
amino acids are shown in Supplementary Dataset 1. There are a total of 90 SEPs that were
identified by LC-MS approach and we validated several of these with a variety of
approaches. First, for two of the peptides we confirmed the assignment of the tandem MS
spectra by chemically synthesizing the peptide and visually comparing the MS2s. In
Supplementary Dataset 1 these peptides are annotated by (synthesized to confirm). In
addition, we also synthesized isotopically labeled tryptic peptides (deuterated petpides) for
two of the SEPs. These peptides enabled us to quantify and simultaneously validate the
assignment of these peptides. These peptides are noted on the table by the addition of
(isotope-dilution mass spectrometry/trypsin (idms/tryp)). Next, we validated 10 of these
SEPs by epitope tagging (FLAG) the putative SORF followed by heterologous expression
and measurement of the epitope tag by cellular imaging. These peptides have (i) after their
name in Supplementary Dataset 1.

To gain additional evidence for the lengths of these SEPs we utilized two methods. First, we
separated the K562 lysate by polyacrylamide gel electrophoresis (PAGE), which provided
much better resolution of the lysate, and enabled us to isolate a much smaller mass range for
analysis. Specifically, the ~10-15-kilodalton region of this gel was isolated, trypsin digested,
and then analyzed by proteomics. The SEPs we identified in this approach have predicted
lengths of 83-136, providing additional support for the length assignments. In addition,
additional peptides from many of these SEPs were also identified using this alternative
fractionation method (peptides in red lettering) to bring the total number of SEPs with more
than one peptide for assignment to 11.

Finally, to ensure the length assignment rigorously, we synthesized two full-length SEPs and
introduced a deuterated leucine into these sequences (d10-Leu) to create an isotope labeled
full-length SEP standard. This ‘heavy’-labeled full-length SEP standard is added to K562
lysate and enables us to find the full-length endogenous (i.e. natural) SEP by co-elution. For
the two sequences we prepared, we were able to validate the presence of the predicted full-
length SEP in the K562 lysate. These two peptides are listed on this table with (isotope-
dilution mass spectrometry (IDMS)/full-length SEP) after the name of the peptide.

In total, 16 SEPs were validated by one of these approaches and an additional 7 had multiple
peptides from the same sORF to increase confidence in the SEP. Thus, we have multiple
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data to support the identification of 23/90 (~26%) of these SEPs. Importantly, no SEPs were
filtered out in these steps indicating that the stringent criteria used in the assignment of these
peptides limited false positives. SEPs from non-coding RNAs are in the last column and the
database used for their identification is also included.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Discovering SEPs

(a) An LC-MS/MS-based peptidomics platform was used to profile K562 cells. The MS/MS
data were searched against a custom protein database (RefSeq or RNA-seq) to identify
polypeptides in K562 cells. Peptides shorter than 8 amino acids were discarded. Tryptic
peptides that were exact matches to a segment of an annotated protein were computationally
filtered. In addition, tryptic peptides that differed from annotated proteins by a single amino
acid were also removed to avoid the false identifications arising from point mutations in
known proteins. The sequence assignment of these putative SEPs was validated by visual
inspection of the tandem MS spectra. Lastly, K562 RNA-seq data to verify that that detected
peptides were derived from a SORF rather than an unannotated ORF longer than 450
nucleotides or a mutated annotated ORF. Any tryptic peptide that fit these criteria was
identified as arising from a novel human SEP. (b) We experimentally validated one of these
assignments by chemically synthesizing the diagnostic peptide and comparing its tandem
MS spectra of that of the endogenous peptide. This particular peptide is derived from a
SORF found on a non-coding RNA (chr16:86563805-86589025).
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Fig. 2. Overview of SEPs

(a) RNA maps illustrating the categories of SORFs that are translated into SEPs, including
5'UTR, CDS, 3’UTR, non-coding RNAs and antisense RNAs. The gray arrow represents
the RNA, the blue arrow represents annotated protein CDS (if present), and the yellow
arrow represents the SORF. (b) Incidence of SEPs in each category within RefSeq mRNAs.
(c) Using protein databases derived from K562 RNA-seq data revealed an additional 54
SEPs for a total of 90 human SEPs, 86 of which are novel. SEP length was estimated by
defining SORFs as follows: when present, an upstream in-frame AUG was assumed to be the
initiation codon. If no upstream AUG was present, the initiation codon was assigned to an
in-frame near-cognate non-AUG codon embedded within a Kozak-consensus sequence 2°.
In a few cases, neither of these conditions was met, so the codon immediately following an
upstream stop codon was used to determine maximal SEP length. (d) Probable sORF
initiation codon usage. (Note: RNA maps are not to scale. See Supplementary Fig. 12 for
lengths of the RNAs and sORFs.)
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(a) SEPs were quantified by isotope dilution mass spectrometry (IDMS). We synthesized a

deuterated (heavy-labeled) variant of the diagnostic SEP peptide we detected. Upon

isolation of K562 cells this peptide was added and the entire mixture was prepared using our
standard approach to isolate SEPs. SEPs are then quantified by comparing the peak areas for
the deuterated peptide to the endogenous peptide by LC-MS. Since the concentration of the
deuterated SEP is known this enables the absolute amount of the endogenous SEP to be
determined. Overlap between the endogenous SEP and the deuterated SEP in the LC-MS
chromatogram. (b) Matching MS/MS spectra (note: 10 Da shift for heavy peptide for some
fragments) confirm the peptide sequence assignment in addition to quantifying the peptide.
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Fig. 4. Expression of SEPs

(a) Transient transfection of HEK293T cells with constructs containing a cDNA sequence
corresponding to the full-length RefSeq mRNA (i.e., including the 5’- and 3"-UTRs). We
appended a C-terminal FLAG-tag on the SEP coding sequence that could be detected by
immunofluorescence. In these images the nuclei are stained with DAPI (blue) and the SEPs
are detected with anti-FLAG antibody (green). ASNSD1-SEP and FRAT2-SEP sORFs in
the 5'-UTR (UORFs) but FRAT2-SEP starts with a non-AUG codon. DEDD2-SEP (CDS)
and H2AFx-SEP (3’-UTR) were not translated from the RefSeq RNAs, which is consistent
with a scanning model of eukaryotic translation. (b) DEDD2-SEP was subcloned and
expressed in HeLa cells to examine is expression and localization by immunofluorescence.
Co-staining with MitoTracker (red) indicated that the DEDD2-SEP localizes to the
mitochondria (overlay). (Note: RNA maps are not to scale. See Supplementary Fig. 12 for
lengths of the RNAs and sORFs.)
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Fig. 5. Characterization of the non-AUG initiation codon of the FRAT2-SEP sORF

(a) An ACG was confirmed as the FRATZ2-SEP initiation codon by site-directed
mutagenesis followed by western blots of FRAT2-SEP-FLAG using an anti-FLAG
antibody. Conversion of the ACG to an ATG resulted in higher expression (lane 2), while
ablation of this codon removed all expression (lane 3). In addition, perturbation of the
Kozak sequence (lanes 4-7) revealed the importance of context when using non-AUG
codons, as substitution of less favorable residues 29 at the most important positions in the
Kozak sequence resulted in lower FRAT2-SEP-FLAG expression. (b) Epitope tagging of
the SORF and CDS of the FRAT2 mRNA demonstrates that the FRAT2 mRNA is bi-
cistronic. Specifically, the FRAT2 CDS was ¢-myc tagged and the FRAT2-SEP was FLAG
tagged. Conversion of the FRAT2-SEP initiation codon from ACG to ATG ablates the
expression of the downstream FRAT2-CDS, indicating the importance of alternate start
codons for polycistronic expression. (Note: RNA maps are not to scale. See Supplementary
Fig. 12 for lengths of the RNAs and sORFs.)

Nat Chem Biol. Author manuscript; available in PMC 2013 July 01.



