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A B S T R A C T

The ongoing COVID-19 pandemic is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
with a positive-stranded RNA genome. Current proteomic studies of SARS-CoV-2 mainly focus on the proteins
encoded by its genomic RNA (gRNA) or canonical subgenomic RNAs (sgRNAs). Here, we systematically inves-
tigated the translation landscape of SARS-CoV-2, especially its noncanonical sgRNAs. We first constructed a strict
pipeline, named vipep, for identifying reliable peptides derived from RNA viruses using RNA-seq and mass
spectrometry data. We applied vipep to analyze 24 sets of mass spectrometry data related to SARS-CoV-2
infection. In addition to known canonical proteins, we identified many noncanonical sgRNA-derived peptides,
which stably increase after viral infection. Furthermore, we explored the potential functions of those proteins
encoded by noncanonical sgRNAs and found that they can bind to viral RNAs and may have immunogenic ac-
tivity. The generalized vipep pipeline is applicable to any RNA viruses and these results have expanded the SARS-
CoV-2 translation map, providing new insights for understanding the functions of SARS-CoV-2 sgRNAs.
1. Introduction

Coronavirus disease 2019 (COVID-19) is a worldwide pandemic res-
piratory disease caused by the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) (Graham, 2020; Liu et al., 2020; Zhu et al.,
2020). Up to June 2022, SARS-CoV-2 has infected more than 530 million
people and caused more than 6 million deaths worldwide (Dong et al.,
2020). SARS-CoV-2 is a positive-stranded enveloped RNA virus in the
Betacoronavirus genus with 29,000 nucleotide (nt) RNA genome which
contains a 50-cap structure and a 30 poly(A) tail (Wu et al., 2020; Zhou
et al., 2020).

The genomic RNA (gRNA) of SARS-CoV-2 contains two large open
reading frames (ORF1a/1b) encoding 16 viral nonstructural proteins
(nsps) through �1 ribosomal frameshifting, and 13 other open reading
frames (ORFs) encoding four structural proteins and 9 accessory factors
from homologous gene prediction (Chan et al., 2020; Perlman and Net-
land, 2009; Zhou et al., 2020). Those non-structure proteins play impor-
tant roles, such as replicating and transcribing the genome (nsp7, nsp8,
and nsp12), capping virus RNA (nsp13 and nsp14), cleaving viral poly-
protein (3C-like), etc. (Gordon et al., 2020b). Interestingly, proteins other
than those in ORF1a/1b are believed to be translated from subgenomic
this work.
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lation landscape of SARS-CoV
RNAs (sgRNAs) generated through discontinuous transcription (Kim et al.,
2020; Parker et al., 2021; Stern and Kennedy, 1980). This discontinuous
transcription step called ‘‘template switch”, is mainly mediated by the
RNA-RNA interactions between the RNA template and the synthesizing
RNA sequence flanking the junction sites during sgRNA biogenesis (Wang
et al., 2021). Previously, we have defined three types of sgRNAs including
leader-type sgRNAs (canonical sgRNAs), ORF1ab-type, and S/N-type
sgRNAs (noncanonical sgRNAs) (Wang et al., 2021). Nomburg et al.
also analyzed SARS-CoV-2 noncanonical sgRNAs and found that they
accounted for 33% of the total sgRNAs in the transcription level, and the
proportions increased along the time after infection in cell culture
(Nomburg et al., 2020).

With the widespread application of the bioinformatics method in
homology comparison and codon analysis, some new ORFs encoded by
canonical sgRNAs are continuously discovered, such as ORF3c andORF3d
(Firth, 2020; Jungreis et al., 2021; Nelson et al., 2020). Furthermore,
many potential novel proteins encoded by noncanonical sgRNAs have
also been found. Finkel et al. observed that some noncanonical sgRNAs
may have translational potential based on ribosome footprints (Finkel
et al., 2021). Andrew et al. found a novel S glycoprotein with 8 amino acid
(aa) deletion and an N protein with 17 aa deletion by mass spectrometry
i Communications Co. Ltd. This is an open access article under the CC BY-NC-ND
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(MS) (Davidson et al., 2020). We also found that two ORF1ab-
type sgRNAs have translation potential using a limited number of MS data
(Wang et al., 2021). Those sporadic evidence indicated that noncanonical
sgRNAs have coding capacity, but a systematic study on noncanonical
sgRNAs using large sets of MS data is still missing for SARS-CoV-2.
Considering that the sgRNA levels increase along with the viral infec-
tion time and aremuch higher than gRNA, the protein products of sgRNAs
and their potential functions are important questions requiring more
comprehensive studies.

Here, we developed a general and strict pipeline called vipep to sys-
tematically identify novel viral RNA-encoded peptides using RNA-seq
and mass spectrometry data. We collected 18 sets of RNA-seq data and
24 sets of mass spectrometry data related to SARS-CoV-2 that are
currently available. We used vipep pipeline to identify reliable peptides
from all ORFs in both strands of gRNAs and sgRNAs. We obtained 473
and 53 peptides derived from canonical and noncanonical sgRNAs,
respectively. We found that the translation level of noncanonical sgRNAs
stably increases at different time points along with viral infection,
consistent with the increase at the RNA level. Furthermore, we explored
the biological functions of noncanonical sgRNAs-encoded proteins and
found that they have the capability of binding with viral RNAs and being
immunogenic.

2. Materials and methods

2.1. Data collection and curation

Public mass spectrometry data were downloaded from iProX (Ma
et al., 2019) and PRIDE (Perez-Riverol et al., 2019) databases. We
manually screened 24 sets of data with SARS-CoV-2 infection (5 in iProX
and 19 in PRIDE). The sgRNA junction sites of SARS-CoV-2 were
extracted from 18 RNA-seq [9 next-generation sequencing (NGS) and 9
nanopore] datasets using our published method (Wang et al., 2021).
Public Ribo-seq data were downloaded from the NCBI SRA database with
accession number: SRP260279. The annotated SARS-CoV-2 protein se-
quences were collected from the NCBI gene reference (NC_045512.2) and
UniProt database (version 20210416, 16 entries) (UniProt Consortium,
2021). The domain annotations of those proteins were downloaded from
UCSC SARS-CoV-2 Genome Browser (Fernandes et al., 2020).

2.2. Mass spectrometry data analysis

We constructed a complete and non-redundant MS searching data-
base composed of three parts: 1) 6-frame translation for SARS-CoV-2
gRNA which contains annotated ORFs; 2) host proteome from human
UniProt (version 2020/09/28 with 192,656 entries) or monkey UniProt
(version 2020/10/22 with 19,525 entries) databases, and 3) sgRNA
junction-spanning ORFs from the 3-frame translation of SARS-CoV-2
sgRNAs in both forward and reverse strands.

In our vipep workflow, the original raw data were divided into tan-
dem mass tag (TMT) and label-free groups according to their experi-
mental design. Then, each group was searched by MaxQuant (1.6.12.0)
with corresponding default parameters. A fixed modification of carba-
midomethyl (C) and variable modifications of oxidation (M) and acetyl
(protein N-term) were included in the search, and the maximum number
of missed cleavages was set to 2. For novel peptide identification, the
peptide-spectrum match false discovery rate (FDR) threshold was set as
0.01. In order to obtain more reliable results, potential pollutants or
reversed peptides were discarded first. The peptides with leucine and
isoleucine content higher than 25% were also discarded due to that the
two amino acids could not be distinguished by the mass, which may lead
to false positives. The remaining peptides detected in single- or multi-
datasets were strictly filtered requiring the search score to be larger
than 120 or 90, respectively. Only the junction-spanning peptides with
overhang equal to or longer than 6 nt at both ends were kept for further
analysis.
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2.3. SNPs and RNA editing analysis

The human single nucleotide polymorphisms (SNPs) were down-
loaded from UCSC common dbSNP (version V153, hg38) (Sherry et al.,
2001). For all coding isoforms in GENCODE basic annotation (version 41,
hg38), the reference base was replaced with the corresponding mutation
in the coding sequence (CDS) region to generate the SNP-derived protein
sequences that differ from the reference proteome. The human A-to-I
editing sites (hg38) were downloaded from the REDIportal database
(Mansi et al., 2021). The RNA-editing-derived protein sequences were
constructed similarly as SNPs by replacing A with G in coding regions.
The novel SARS-CoV-2 peptides were then scanned against the
SNP-mutated and RNA editing-mutated proteins.

2.4. Ribo-seq data analysis

Ribo-seq reads were firstly mapped to the host-virus merged ge-
nomes, SARS-CoV-2 gRNA (MN996528) with sgRNA junctions plus
Vero E6 (Chlorocebus sabaeus Ensembl v99) or Calu-3 (human hg38)
genome, using STAR (v2.7.2b) program (Dobin et al., 2013) with
parameters “–sjdbFileChrStartEnd JSDB.txt –outFilterMultimapNmax 1
–alignSJoverhangMin 6 –outSJfilterOverhangMin 6 6 6 6 –out-
SJfilterCountUniqueMin 3 3 3 3 –outSJfilterCountTotalMin 3 3 3 3
–outSJfilterDistToOtherSJmin 0 0 0 0 –scoreGap �4 –scoreGapNoncan
�4 –scoreGapATAC �4 –alignIntronMax 30,000 –alignMatesGapMax
30,000 –alignSJstitchMismatchNmax -1 -1 -1 -1”. The mapped reads
with length between 27 and 33 nt were used in further analysis.

2.5. RNA-protein interactome MS data analysis

The RNA-protein interactome data was from iProX accession
PXD024808. The raw data related to SARS-CoV-2 infection were
searched by MaxQuant (1.6.12.0) with default label-free parameters. We
divided the data into three groups according to the corresponding probes.
Only the peptides appearing in those we identified from the above 24 MS
datasets were used in further analysis.

2.6. Epitope prediction

Potential epitopes were predicted by netMHCpan (v4.1) program
with default parameters (Reynisson et al., 2020) except for setting the %
Rank_EL and %Rank_BA cutoffs as 0.02 to be more stringent. The novel
epitopes were defined as those derived from noncanonical sgRNA
encoded proteins but not appearing in any of SARS-CoV-2 annotated
proteins in Uniprot (version 2021/04 containing 16 entries) and NCBI
RefSeq (reference NC_045512.2 containing 38 entries).

3. Results

3.1. Overview of vipep pipeline and SARS-CoV-2 proteome

To explore the global landscape of SARS-CoV-2 proteome, we
downloaded and analyzed 24 mass spectrometry (MS) datasets with
SARS-CoV-2 infection from iProX (Ma et al., 2019) and PRIDE (Per-
ez-Riverol et al., 2019) databases (Fig. 1A and Supplementary Table S1).
Within vipep pipeline, we first built a comprehensive search database for
SARS-CoV-2 including its annotated proteins, additional ORFs from
gRNA in-silico translation in 6-frames, predicted junction-spanning ORFs
from sgRNAs, and host proteins. The SARS-CoV-2 sgRNA junction sites
are from our integrated analysis of multiple NGS and nanopore
sequencing data (Wang et al., 2021). We identified peptides in collected
MS data using MaxQuant software (Tyanova et al., 2016). After quality
control and several strict filtering steps, we keep highly authentic novel
SARS-CoV-2 peptides for further downstream analyses (Fig. 1A and
Supplementary Fig. S1A).



Fig. 1. The vipep pipeline and global landscape of SARS-CoV-2 encoded peptides. A Schematic diagram for identifying and annotating novel SARS-CoV-2 encoded
peptides. A custom database was built to search SARS-CoV-2 peptides in 24 mass spectrometry datasets currently available in the literature. Pink represents the source
of the datasets, blue represents the construction method of the nonredundant mass spectrometry database, green represents the peptides identified by vipep, and
orange represents the functional exploration of the novel peptides. B Genome browser view of annotated gORFs, numbers of peptide spectrum matches (PSMs) for
annotated ORFs, and predicted gORFs by six frames across the SARS-CoV-2 genome. C Total counts of peptides detected in all mass spectrometry datasets for the
annotated ORFs of SARS-CoV-2. D The numbers of annotated and novel peptides derived from genomic or subgenomic ORFs in sense or antisense (�) strands. E The
statistics of peptides supported by different numbers of MS datasets for annotated (left) and novel peptides (right). F An example of multi-datasets supported novel
peptides spanning a sgRNA junction. The peptide is represented underneath the sgRNA junction spanning two ORFs (top) with the MS/MS spectra found in multiple
datasets (bottom). The dataset for the shown spectra is highlighted in red. G The numbers of annotated (red) and novel peptides (blue) in all datasets grouped by virus
infection and mock samples. The sample origin is labeled for each dataset (C, cell; P, patient). The datasets with mock samples are marked in purple.
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We used 194,309 sgRNA junction sites (JSs) found in RNA-seq
datasets (Supplementary Fig. S1B) to predict the junction-spanning
ORFs that are different from the annotated SARS-CoV-2 proteins. We
identified a total of 649 and 440 peptides derived from annotated and
novel junction-spanning ORFs, respectively. To minimize false positives,
we strictly screened the peptides detected by MS (Supplementary
Fig. S1A). First, potential pollutants and reversed peptides were dis-
carded. Second, for a peptide spanning a sgRNA junction, the RNA
sequence encoding the peptide was required to have more than 6 nt
overhangs at both ends. Third, the leucine and isoleucine content of the
peptide should be less than 25% since these two amino acids cannot be
3

distinguished by molecular weight. Fourth, we set a higher threshold of
MaxQuant search score for peptides detected in a single dataset. We
found that 92.73% (408/440) of novel peptides only appear in one
dataset versus 42.2% of annotated peptides (Supplementary Fig. S1C).
Based on the distribution of those search scores for annotated peptides,
we determined the threshold as 90 for multiple-sample supported pep-
tides (Supplementary Fig. S1D left). For single-sample supported pep-
tides, we increased the threshold to 120 to reduce potential false
positives (Supplementary Fig. S1D right).

Finally, we identified 473 annotated and 53 novel peptides using the
vipep workflow (Supplementary Table S2 and Supplementary Table S3).
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For annotated ORFs, ORF1ab has the largest number of peptides, fol-
lowed by N and S proteins (Fig. 1B and C), whichmay be due to their long
lengths and high abundances. Interestingly, no novel peptide was found
in any of the predicted gORFs (Fig. 1B) beyond annotated ORFs (Fig. 1D).
Although (�)gRNA has many predicted ORFs, none of them has any
peptide from MS (Fig. 1D). In principle, there should be no viral peptides
in non-infected samples (mock), based on which we evaluated the data
quality of all MS datasets. In the MS data IPX0002166001, there are five
annotated peptides detected in seven healthy people (Supplementary
Fig. S1E). We suspect that some of these healthy people are asymptom-
atic carriers at the time of taking the samples due to the three healthy
ones (H02, H03, and H04) being undifferentiable from the recovered
patients (Li et al., 2020), and we have removed this dataset in the
following analysis.

All novel peptides derived from sgRNAs are junction-spanning, except
two peptides (Supplementary Table S2 and Supplementary Fig. S2A),
which are located in a different frame inside theN gene and resulted from
different degrees of proteinase digestion (Supplementary Fig. S2A).
Expectedly, all but one novel sgRNA-derived peptides are from the sense
strand of the viral genome (Fig. 1D and Supplementary Fig. S2B).
Considering the limitations of MS technology, not all proteins can be
detected by MS depending on the presence of appropriate protease
digestion sites. We defined an ORFs as ‘MS theoretical’ if it can produce
at least one appropriate enzymolysis peptide fragment within the length
of 6–20 aa by trypsin digestion. Of 16 annotated ORFs, 14 can be
considered as ‘MS theoretical’ ORFs, and 10 of them can be detected by
MS with vipep (Supplementary Fig. S2C left). There are 44 and 94 ‘MS
theoretical’ gORFs in sense and negative strands, respectively; however,
no novel peptide was detected (Supplementary Fig. S2C middle). There
are about 42,000 and 13,000 ‘MS theoretical’ predicted sgORFs, of which
there are 732 and 1 sgORFs are detected by MS in sense and negative
strands, respectively (Supplementary Fig. S2C right). These proteome-
based results suggest that the sense strand of SARS-CoV-2 RNA is
indeed more likely to produce proteins, which is consistent with previous
works reporting that SARS-CoV-2 showed a high degree of bias and ef-
ficiency in generating sense strand RNA (Zhao et al., 2021) and the
majority of Ribo-seq reads were derived from sense strand (Puray-Chavez
et al., 2022).

We reason that the more frequently observed in different datasets, the
higher probability of being a real peptide. Not unexpectedly, about
76.5% of annotated peptides have support from two or more MS datasets
(Fig. 1E left). For novel peptides, about 41.5% (22/53) are detected in
two or more MS datasets (Fig. 1E right). The low consistency between
different datasets could be partially caused by the inclusion of some
datasets with very few viral peptides or a specific dataset with very high
sensitivity. As a representative example in Fig. 1F, the novel peptide
spanning the sgRNA junction (7792–29,440) fusing nsp3 and N protein,
is detected in up to ten datasets.

Furthermore, to exclude the possibility that the novel peptides are
generated by unannotated host RNAs or newly transcribed RNAs in
response to viral infection, we performed 3-frame and 6-frame trans-
lations on the host's transcriptome and genome, respectively. We kept
those predicted ORFs with RNA-seq signals and translated them into
protein sequences for searching for novel peptides. No novel peptide is
identified from those protein sequences of the host. Notably, we searched
the novel peptides against the NCBI non-redundant protein database
using tblastn, and found that the best hits are all derived from SARS-CoV-
2. In addition, we performed the SNPs and RNA editing analysis and
confirmed that the novel peptides are neither from the SNP-mutated nor
the RNA editing-mutated proteins.

While the mock datasets do not have annotated peptides as
controlled in the analysis, they do not contain any novel peptides either
(Fig. 1G). Besides, the amount of a detected peptide in the samples
derived from viral transfected cells is significantly higher than that in
the samples derived from patients. Thus, we believe that the novel
peptides we found are reliable based on a set of quality controls,
4

suggesting that the translation of noncanonical sgRNAs is a widespread
phenomenon.

3.2. Global landscape of SARS-CoV-2 sgRNA-derived peptides

To more intuitively display the novel junction-spanning peptides
we identified above, we mapped the corresponding sgRNAs in the SARS-
CoV-2 genome. We observed that many novel peptides could be derived
from multiple sgRNAs (Supplementary Figs. S3A–B). We reasoned that
this phenomenon may be caused by the multiple mappings of the coding
sequences of the peptides or synonymous codons around the junction
sites. For further analysis, we only reserved the 42 single-positional novel
peptides (Supplementary Fig. S3C).

Similar to our previous work, we classified the SARS-CoV-2 sgRNAs
into four types by the positions of junction sites (JSs): Leader
type, ORF1ab/ORF1ab, ORF1ab/S–N, and S–N/S–N (Fig. 2A right)
(Wang et al., 2021). The first type is also named canonical sgRNA, while
the latter three types are called noncanonical sgRNAs. Although it was
reported that the expression levels of canonical sgRNAs are higher than
the levels of noncanonical sgRNAs (Kim et al., 2020; Wang et al., 2021),
we found that all the novel peptides detected by MS were derived from
noncanonical sgRNAs (Fig. 2A left, Fig. 2B), suggesting that canonical
sgRNAs do not produce novel proteins. Only two types of noncanonical
sgRNAs, ORF1ab/S–N and S–N/S–N, have detected novel peptides (14
and 28 peptides), which are dispersedly observed in different datasets
(Fig. 2C). It is worth noting that the dataset PXD018241 (virus-infected
cells for 72 h and divided into 20 MS fractions) has significantly higher
sensitivity than all other datasets, and 19 novel peptides are only
detected in this dataset. In excluding this best dataset, 47.8% (11/23) of
novel peptides are repeatedly detectable in two or more datasets.

To further confirm the sgRNA translation for those novel peptides, we
downloaded and re-analyzed the Ribo-seq data published by Finkel et al.
(2021). Using junction-spanning Ribo-seq reads to verify the translation
of junction-spanning peptides, we found that five novel peptides are
supported by Ribo-seq signals (Fig. 2D). A representative peptide is
shown in Fig. 2E, which is supported by three different Ribo-seq datasets.
The results further support the translational capability of novel ORFs at
the level of ribosome binding.

3.3. Annotation of sgRNA ORFs containing novel peptides

To explore the characteristics of those translated noncanonical sgRNAs,
we classified the novel peptide-originated ORFs into in-frame, frame-shift,
and novel types according to whether they can change the coding frame of
the corresponding annotated ORFs (Fig. 3A). The in-frame type ORF fuses
upstream and downstream annotated ORFs or results from a deletion in
one annotated ORF, without frame change. The frame-shift type ORF fuses
two parts of annotated ORFs, in which upstream, downstream, or both-end
are in a different frame. The novel type ORF contains a sequence that is not
annotated as a coding region (Fig. 3A). Two representative ORFs of frame-
shift type are shown in Fig. 3B and C, while a novel type ORF is shown in
Fig. 3D.

Based on the locations of annotated ORFs, we found that most novel
peptides are derived from S–N/S–N type sgRNAs (19 for N–N), followed
by two kinds ORF1ab/S–N type sgRNAs (9 for nsp3-N and 5 for nsp2-N,
Fig. 3E). The novel peptides derived from in-frame type ORFs were much
more than those from the frame-shift type, but no novel peptide was
found in both-end frame-shift ORFs (Fig. 3F).

To evaluate the ability of maintaining coding frame of the ORFs con-
taining novel peptides, we counted the RNA-seq junction-spanning (JS)
reads from theoretical ORFs and peptide numbers for the novel peptides
with both upstream and downstream sub-peptides located in the same
annotated ORFs. We collected N–N type peptides for this analysis. We
found that a larger proportion of in-frame type novel ORFs can be trans-
lated compared to frame-shift type ones (P ¼ 0.03, Fig. 3G). This result
suggests that noncanonical sgRNAs have a tendency to retain the coding



Fig. 2. Global landscape of sgRNA-derived peptides. A Global view of sgRNA junctions with mass spectrometry evidence (left) and all theoretical sgRNA junctions
(right) in SARS-CoV-2. The canonical Leader-type and 3 noncanonical sgRNA junctions are shown in different colors (Leader, red; ORF1ab/S–N, blue; S–N/S–N, green;
ORF1ab/ORF1ab, purple). B The statistics of mass spectrometry (MS) peptides, theoretical sgRNA junctions, and the reads spanning theoretical sgRNA junctions by the
sgRNA type as in A. C The presence (black) or absence (white) heatmap of MS peptides (row) in different datasets (column). The peptides are grouped by sgRNA type
as in A. The sgRNA junction positions and peptide sequences are annotated at the right. The total number of peptides in each dataset and the number of supporting
datasets for each peptide are shown on the top and on the left side, respectively. D Global arc-view of sgRNA junctions with evidence from mass spectrometry only
(black) and from both MS and Ribo-seq (red). E An exemplar junction-spanning peptide of noncanonical sgRNA with evidence from both Ribo-seq reads. The MS/MS
spectra of the peptide are shown on the right.
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frame of their corresponding annotated ORFs. It is worth noting that in
N–N frame-shift type peptides, five out of seven peptides were down-
stream frame-shift (Fig. 3E). Interestingly, less than 20% (8 out of 42) of
novel peptides used a different upstream frame of corresponding anno-
tated ORFs (Fig. 3F). These results indicate that novel sgRNAs-derived
ORFs may have a high probability to share the same start codon with
the annotated ORFs.

3.4. A quantitative map of peptides from SARS-CoV-2 sgRNAs

To investigate the dynamics of proteins encoded by noncanonical
sgRNAs, we chose a time-course MS dataset (PXD018594) with SARS-
CoV-2 infection at two different MOIs (multiplicity of infections). We
found that the amounts of both novel peptides from noncanonical sgRNAs
and annotated peptides increase along with the infection time (Fig. 4A).
By counting the numbers of spectra in specific ORFs, as expected, all an-
notated proteins increase along with the infection time (Fig. 4B), consis-
tent with a previous report (Bojkova et al., 2020). We also observed the
same increasing trend for the two types of noncanonical sgRNA-derived
peptides. Interestingly, we found that higher MOI makes it easier to
5

detect both annotated and novel peptides at an earlier time point, and the
levels of both annotated and novel peptides begin to keep stable at the late
stage of viral infection, independent of virus MOI (Fig. 4B). These results
reveal the reliability of novel peptides and indicate that the noncanonical
sgRNAs can be translated and are regulated in the same manner as ca-
nonical sgRNAs.

To estimate the relative proportion of noncanonical sgRNAs-derived
proteins in the viral proteome, we devised a computational scheme by
using junction-spanning peptides to represent novel proteins and using
continuous junction-covering peptides to represent annotated proteins
(Fig. 4C). The rationale is due to the caveat: the continuous peptides not
covering the junctions may be derived from annotated ORFs or non-
canonical sgORFs. As shown in Fig. 4D (using dataset PXD018594), the
relative abundance of novel peptides reached a maximum of around 13%
of viral proteome using ORF9b and N as representative ORFs. Further-
more, we extended the same analysis to the top 5 datasets with the largest
number of novel peptides, and found that the average abundances of
novel peptides are similar (Fig. 4E). These results imply that the trans-
lation of noncanonical sgRNAs was widespread and reached a consider-
able proportion level.



Fig. 3. Characterization of the sgRNA-derived peptides. A Graphical illustration of the classification for peptides derived from sgRNAs. ORF1 and ORF2 represent two
different ORFs or two terminals of the same protein. Blue represents the upstream non-changed ORF, green represents the downstream non-changed ORF, orange
represents the upstream ORF with frame-shift, pink represents the downstream ORF with frame-shift, and grey represents the ORF located in unannotated regions. B–D
Representative examples for three types of peptides spanning sgRNA junctions (B, Upstream frame-shift; C, Downstream frame-shift; D, Novel). The spanned ORF(s)
and the sgRNA ORF are shown at the top. The junction position, RNA and protein sequences of annotated ORF(s), and novel peptide sequence are presented at the
bottom. The MS/MS spectra with both y and b ion information for the peptide are shown on the right. E The statistics of novel peptides grouped by sgRNA junction
spanned ORF(s). F The statistics of novel peptides by peptide type as in A. G The numbers of RNA-seq junction-spanning (JS) reads and detected novel peptides from
theoretical noncanonical sgRNA ORFs with deletion and frame-shift inside the same gene (N–N type). The statistical significance is based on two sides Fisher's exact
test (P ¼ 0.03).
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Together, these findings revealed a global and wide translation phe-
nomenon for SARS-CoV-2 noncanonical sgRNAs, and the stable level of
novel peptides indicates that the translated proteins may perform certain
functions in infected cells.

3.5. Functional potentials of sgRNA-encoded proteins

To further explore the biological functions of noncanonical sgRNAs,
we used recently published RNA-protein interactome data to explore the
potential RNA binding ability for sgRNA-derived proteins. This dataset
used two separate pools of RNA probes targeting the regions of ORF1ab
and S–N, respectively (Fig. 5A top). The ORF1ab probes are expected to
specifically hybridize with the genomic RNA while S–N probes are ex-
pected to enrich both the genomic RNA and sgRNAs (Lee et al., 2021).
Using the novel peptides we identified above, we found that 13 novel
peptides are immunoprecipitated by the RNA probes. For the 10
single-positional peptides, 5 peptides are detected in both groups of RNA
probes, and 5 peptides are detected in only one group of probes (Fig. 5A
bottom). Not unexpectedly, many annotated proteins are immunopre-
cipitated by both groups of RNA probes (Fig. 5B left), and similarly, most
6

novel peptides (7 out of 13) are shared in the two groups of RNA probes
(Fig. 5B). From the detailed analysis of each peptide, we found that the
amounts of novel peptides in the two groups of SARS-CoV-2 probes are
much higher than that of the rRNA probe control, similar to the anno-
tated peptides (Fig. 5C). Expectedly, the mock control samples do not
have any peptides encoded by SARS-CoV-2 RNAs. These results indicate
that the proteins encoded by noncanonical sgRNAs have the potential to
bind with SARS-CoV-2 RNAs.

Previous studies have shown that T cell responses play an essential
role in SARS-CoV-2 immunity and viral clearance (Altmann and Boyton,
2020; Grifoni et al., 2020; Le Bert et al., 2020). In a recent study, Shira
et al. found that HLA-I peptides derived not only from canonical ORFs
but also from internal out-of-frame ORFs which are not captured by
current vaccines (Weingarten-Gabbay et al., 2021). We thus predicted
the potential antigenic peptides derived from SARS-CoV-2 proteins.
After passing a strict binding score cutoff, a total of 12 novel neo-
antigenic epitope clusters from nine noncanonical sgRNAs were iden-
tified (Supplementary Fig. S4A and Supplementary Table S4). Together,
these data suggest that noncanonical sgRNAs-derived proteins may
function in immunophysiology.



Fig. 4. The increasing dynamics of viral peptides after SARS-CoV-2 infection. A Heatmap of the spectra counts for novel and annotated SARS-CoV-2 peptides at
different time points in dataset PXD020019. The total spectra counts for each time point are shown on the top. B The counts of novel sgRNA-derived peptides and
peptides in different annotated ORFs. The counts are summed by spectra with different virus MOI. C Graphical illustration of the continuous junction-covering peptides
(blue), junction-spanning peptides (red), and other continuous peptides (grey) located in ORF9b and N genes. All peptides are from the dataset PXD018594
(day4.rep2). D Estimated proportions of novel peptides at different time points as in C. E Estimated proportions of the novel (red) and annotated (blue) peptides by
spectra in five different datasets as in C.
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4. Discussion

Many noncanonical sgRNAs of SARS-CoV-2 have been identified (Kim
et al., 2020; Nomburg et al., 2020; Wang et al., 2021), but only a few
studies mentioned that they have translation ability (Davidson et al.,
2020; Finkel et al., 2021; Wang et al., 2021). This study combined
RNA-seq andmass spectrometry data to explore the translation landscape
of SARS-CoV-2. We found that many noncanonical sgRNAs could be
Fig. 5. The functional potentials of noncanonical sgRNA-derived proteins. A Glo
PXD024808. The targeted regions by two groups of probes are marked in red and blue
bottom. B Venn diagram of detected peptides between the two types of probes in
annotated and novel peptides in dataset PXD024808. The total spectra counts for diff
shown on the right side colored as in A.
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translated into proteins under strict criteria. The proteins are stably
existing and may play important roles in the same manner as annotated
proteins, such as binding to viral RNAs.

The SARS-CoV-2 noncanonical sgRNA-derived proteins can be
regarded as structural variations of corresponding annotated proteins
due to deletions or frame-shifts. We further evaluated the functional
potentials of those proteins at the domain level. Some deletion-type novel
proteins lack complete functional domains. For example, the
bal arc-view of unique-positional novel peptides detected in RAP-MS dataset
at the top, and the detected sgRNA junction-spanning peptides are shown at the

C for annotated (left) and novel peptides (right). C Spectra counts heatmap of
erent time points are shown on the top, and the sequences of novel peptides are
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noncanonical sgRNA (28,359–28962) derived protein lacks an RNA-
binding domain relative to its annotated N protein (Supplementary
Fig. S4B), which may generate a novel smaller protein losing the RNA
binding activity (Banerjee et al., 2020) and cannot participate in the
biological function of forming phase separation complex (Lu et al., 2021),
whereas its dimerization domain may allow this protein to retain the
function of interacting with other proteins (Gordon et al., 2020a; Lu
et al., 2021). For fusion-type noncanonical sgRNAs-derived proteins, the
combination of functional domains in different annotated proteins may
produce new biological functional proteins. For example, the sgRNA
(6060–28599) derived protein was a fusion protein combining the macro
and peptidase C16 domains in the nsp3 protein with the dimerization
domain in the N protein (Supplementary Fig. S4C).

It is worth noting that current mass spectrometry technology has
certain limitations, such as low sensitivity to detect proteins of low
abundance, and the inability to detect all kinds of proteins due to
dependence on the presence of appropriate protease digestion sites. Thus,
noncanonical sgRNAs-derived proteins seem difficult to be fully detected.

The COVID-19 caused by SARS-CoV-2 has been in pandemic for more
than two years. One reason for unable to end the pandemic is that the
virus is continuously mutating (Kaushik, 2021; Sharma et al., 2021;
Varahachalam et al., 2021). Some new variants, such as delta and omi-
cron variants, have higher transmissibility and immune evasion than the
early original virus strain (Fisman et al., 2020; Funk et al., 2021; Kim
et al., 2021; Thomas et al., 2021). Currently, researchers focus on the
mutations which change the spike protein of SARS-CoV-2 and affect viral
transmissibility, pathogenicity, and immune escape (Harvey et al., 2021;
Tian et al., 2021). Nevertheless, we hypothesize that many variants in
non-coding regions may change the canonical and noncanonical sgRNAs
when they break or gain the RNA-RNA interactions that regulate sgRNA
biogenesis (Wang et al., 2021), such that novel proteins encoded by
noncanonical sgRNAs may play important roles in regulating viral
pathogenicity. We anticipate having moreMS data, especially under viral
infection of different variant strains, to further investigate noncanonical
sgRNAs-encoded proteins.

Currently, the novel peptides identified from the computational
analysis of MS data lack additional biochemical experimental data. We
propose two possible experimental methods. First, we may use the novel
peptides to generate specific antibodies for validation with Western
blotting. Second, we may try to tag a GFP to the N gene in a SARS-CoV-2
pseudovirus, and then enrich proteins translated from non-canonical N
sgRNAs for validation with mass spectrometry. However, both strategies
are challenging and time-consuming, which thus merit a further separate
study, to complement our current computational study.

5. Conclusions

We developed a general vipep pipeline for RNA viruses to analyze
mass spectrum datasets and constructed the translation landscape of
SARS-CoV-2. We identified many peptides translated from noncanonical
sgRNAs. Those novel peptides are dynamically regulated in the same
manner as annotated proteins, suggesting that they are stably existing
and functional. The novel proteins may play important roles by
combining different domains or losing domains in annotated proteins.
Some of the proteins are found to bind with viral RNAs or are predicted to
have immunogenic activity. Our results expand the SARS-CoV-2 trans-
lation proteome and indicate that noncanonical sgRNAs-derived proteins
are a non-negligible component meriting further studies.
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