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article nor a superset database is ideal. Long-read RNA sequencing (e.g., PacBio or Oxford

Nanopore) provides full-length transcripts which can be used to predict full-length
protein isoforms.

Results: We describe here a long-read proteogenomics approach for integrating sam-
ple-matched long-read RNA-seq and MS-based proteomics data to enhance isoform
characterization. We introduce a classification scheme for protein isoforms, discover
novel protein isoforms, and present the first protein inference algorithm for the direct
incorporation of long-read transcriptome data to enable detection of protein iso-
forms previously intractable to MS-based detection. We have released an open-source
Nextflow pipeline that integrates long-read sequencing in a proteomic workflow for
isoform-resolved analysis.

Conclusions: Our work suggests that the incorporation of long-read sequencing and
proteomic data can facilitate improved characterization of human protein isoform
diversity. Our first-generation pipeline provides a strong foundation for future develop-
ment of long-read proteogenomics and its adoption for both basic and translational
research.
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Background

A comprehensive understanding of the proteome in healthy and diseased states is vital
for nearly every area of biomedical research [1]. Multiple protein isoforms, containing
distinct amino acid (AA) sequences, can arise from the same gene through mechanisms
such as alternative promoter usage or splicing [2] and can exhibit different stabilities,
molecular binding capabilities, and functional effects [3, 4]. Many protein isoforms have
been implicated in diseases from neurodegeneration to cancer [5]. It has been estimated,
through transcriptome measurements, that over 300,000 human protein isoforms may
exist [6]. However, few experimental approaches readily detect proteins at isoform reso-
lution, leaving open the question of the extent to which transcript isoform complexity
propagates to the proteome [7, 8].

Mass spectrometry (MS)-based proteomics has become the preeminent method for
the comprehensive and sensitive characterization of the proteome [1]. Typically, the pro-
teome is proteolytically digested into peptides that are analyzed via liquid chromatog-
raphy (LC) and MS. The mass spectra are compared to theoretical peptides, generated
from a protein database, to obtain peptide identifications. These peptide identifications
are mapped back to their potential proteins of origin to obtain protein identifications
(i.e., protein inference) [9]. Protein inference is complicated by shared peptides, which
are peptides that map to two or more protein isoforms in the database. The presence
of shared peptides can result in ambiguous protein identifications wherein multiple
proteins are indistinguishable based on the peptide evidence. In these cases, a “protein
group” (Fig. 1a) is formed, signifying either all or some subset of proteins in the group
may be present in the sample.

The peptide identification and protein inference processes are heavily reliant on the
composition of the protein database used for analysis. Reference protein databases
broadly represent an organism’s proteome, but may fail to capture the proteomic vari-
ation across tissues, developmental and disease states, and individuals [10]. Discord-
ances between a database and a sample can have a direct impact on proteomic search
results. Ideally, the protein isoform sequences annotated in the reference for a gene
would exactly match those expressed in a sample (“Match,” Fig. 1b). In practice, however,
perfect matches are rare. The protein isoforms from a sample could differ from those in
the reference by either lacking isoforms (“Subset,” Fig. 1c) and/or possessing a surplus of
isoforms (“Superset,” “Distinct,” “Partial Overlap,” Fig. 1d—f). Overall, reference-sample
discordances lead to (1) ambiguity in identifying protein isoforms; (2) incorrectly identi-
fied protein isoforms; or (3) failure to identify known or novel relevant protein isoforms
(such as those associated to disease and treatment).

Transcript sequencing can be used to generate a sample-specific candidate protein
database, which is more reflective of the isoform diversity in the sample than the refer-
ence database, but still has limitations due to the sensitivity and specificity of sequenc-
ing technologies. Presently, such efforts to generate sample-specific databases have
been dominated by using short-read RNA-seq [11-20] which suffers from the inability
to sequence full-length transcripts and can only deliver partial protein models [21, 22]
(Fig. 1g). Long-read sequencing technologies, such as those from Pacific Biosciences
(PacBio) and Oxford Nanopore Technologies (ONT), can delineate full-length tran-
scriptomes with high fidelity [23]. These technologies can readily reveal thousands of
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novel isoforms based on full-length transcript reads [24]. Such developments present an
opportunity to leverage transcript expression—a prerequisite and correlate of protein
expression [25]—to enhance isoform-resolved proteomics.

Here, we present a workflow for long-read proteogenomics that achieves enhanced
characterization of protein isoform diversity through paired long-read RNA-seq and
MS-based proteomics of the same sample. This approach is enabled by a computa-
tional pipeline that generates full-length protein databases constructed de novo from
long-read RNA-seq data. Using this database, we demonstrate MS-based discovery of
novel protein isoforms arising from mechanisms such as retained introns and skipped
exons. With full-length protein predictions, we introduce a new classification system,
SQANTI Protein, to characterize novel protein isoforms. Finally, we introduce a new
heuristic-based protein inference algorithm, called “Rescue & Resolve,” that incorpo-
rates long-read transcript abundance into the protein inference process, which enables
detection of protein isoforms typically discarded during protein inference due to insuf-
ficient peptide support. The entire pipeline and workflow is freely available as an open-
source and extensible computational resource, using the community-based workflow
language, Nextflow. This first-generation long-read proteogenomics pipeline provides a
strong foundation for the integration of long-read sequencing into proteomic workflows,
advancing the characterization of human protein isoform diversity.

Results

We developed a long-read proteogenomics pipeline for protein isoform detection
through integrated analysis of sample-matched long-read RNA-seq and MS-based prot-
eomics data. A Nextflow pipeline processes PacBio data, converts full-length transcripts
into a protein database, and performs proteomics database searching (Fig. 2, Additional
file 1: Fig. S1). We demonstrate the utility of our pipeline using transcriptomic and pro-
teomic data from the same cell line, Jurkat T-lymphocyte. Below we describe the fol-
lowing: (1) analysis of PacBio sequencing to reveal high-quality full-length transcript
sequences; (2) open reading frame (ORF) prediction; (3) a novel protein isoform clas-
sification system called SQANTI Protein; (4) generation of a sample-specific, full-length
protein database using both PacBio and GENCODE reference isoform models; and (5)
creation of a novel protein inference algorithm that increases the number of protein iso-
form identifications through the direct incorporation of PacBio transcript abundance

values.

Long-read RNA-seq reveals widespread isoform diversity that differs from the GENCODE
reference set

We characterized the landscape of full-length transcripts in a human cell line through
long-read RNA sequencing on the PacBio platform (see Additional file 2: Note S1). Tran-
script isoforms were compared to GENCODE [26] reference transcripts (v35), and their
novelty status classified using SQANTI3 (Structural and Quality Annotation of Novel
Transcript Isoforms) [27]. Among the transcript isoforms identified, 43,865 contained
an exact match to GENCODE (“full splice matches,” FSMs) and 75,491 were novel. Of
the novel cases, 43,075 transcripts contained novel combinations of known splice sites
and/or junctions (“novel in catalog,” NICs), and 32,416 transcripts contained an entirely
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Fig. 2 Long-read proteogenomic approach for enhanced sample-specific protein identification. Schematic
of the long-read proteogenomics pipeline for improved protein isoform characterization. The pipeline
includes approaches for ORF calling from long transcript reads, an automated protein isoform classification
(SQANTI Protein), novel protein isoform detection, and a long-read-informed protein inference algorithm.
CPM—full-length read counts per million

new splice site or exon (“novel not in catalog,” NNCs). On average, novel transcripts
exhibit lower abundances than their known counterparts, despite exhibiting a broad
range of abundances overall (Additional file 1: Fig. S2a). In 13.93% (1274) of genes, the
most abundant transcript isoform is novel. To determine the sampling sensitivity of the
transcriptome, we generated saturation-discovery curves and confirmed that the num-
ber of unique genes and isoforms detected reaches a plateau (Additional file 1: Fig. S2b).
Overall, these results illustrate the widespread nature of alternative splicing and the need
for empirically driven methods to characterize isoform diversity in human samples.

Note that for this study, transcript nucleotide sequences were derived from the refer-
ence genome (genome-corrected mode in SQANTI3); therefore, genetic variations are
not captured in the current version of our pipeline (see “Discussion”).

A sample-specific, full-length protein isoform database derived from long-read RNA-seq
data

ORF prediction from long-read RNA-seq data

We created a workflow to discern the most biologically plausible open reading frame
(ORF) for each full-length transcript isoform. We considered multiple candidate ORFs
for each transcript as defined by the Coding-Potential Assessment Tool (CPAT) [28]. For
most of the transcripts (91%), one ORF stands out as the most plausible protein-coding
product based on its coding score; however, a sizable number of transcripts (12,787 or
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9% of all transcripts) have two or more relatively high scoring ORFs (CPAT coding score
above 0.9), in which the best ORF is unclear (Additional file 1: Fig. S2c). Therefore, for
all ORFs, we incorporated additional metrics in the ORF ranking process, such as the
GENCODE annotation status of the ATG start codon and the start codon’s position rela-
tive to the 5’ end of the transcript (see “ORF calling” in “Methods” and see Additional
file 2: Note S2). After determining the ORF prediction for each transcript, we clustered
transcripts containing identical ORF predictions (Fig. 3a). Transcripts that differed only
in their noncoding regions were assigned to the same protein entry in the database.

SQANTI Protein: new classification scheme for full-length protein isoforms

We derived protein isoform models from long-read RNA sequencing data for each
gene and found that many genes may concurrently express multiple protein isoforms
(Additional file 1: Fig. S2d). To systematically characterize these full-length protein
isoforms, we created a new protein isoform classification scheme, SQANTI Protein, to
describe the relationship between the predicted protein isoforms and those annotated
in GENCODE. SQANTI Protein extends SQANTI3 transcript-centric classifications to
the protein isoform level, considering how three key protein sequence elements—the
N-terminus, the identified splice junctions, and the C-terminus—compare to refer-
ence protein isoforms (Fig. 3b). SQANTI Protein considers the full-length predicted
protein sequence, detectable only by long-read RNA-seq, which differentiates it from
previously proposed protein isoform classification schemas that have focused on “local”
events, such as splice junctions or novel exons detected by microarrays or short-read
RNA-seq [29, 30].

We loosely follow the nomenclature first developed for transcript isoform classifica-
tion in SQANTI. Major isoform categories for SQANTI Protein include pFSM, pNIC,
pNNC, and pISM (Fig. 3b). A “protein full splice match” (pFSM) represents a protein
isoform where all elements exactly match at least one protein isoform in the reference.
For a “novel in catalog” (pNIC) protein isoform, all protein sequence elements—such
as the N-terminus, splice junctions, or C-terminus—are known (i.e., annotated in the
reference), but the combination of elements is novel. A “novel not in catalog” (pNNC)
protein isoform contains at least one novel element, such as a novel N-terminus or splice
junction. Protein isoforms classified as an “incomplete splice match” (pISM) are cases in
which the predicted protein isoform is a suspected artifact. For example, the originating
transcript isoform could be degraded at the 5’ end, resulting in a translation product
missing the true ATG start codon. More detailed protein isoform sub-classifications are
provided in the “sqanti_protein” and “protein_classification” modules of the Nextflow
pipeline.

Among the ORFs predicted from the long-read data, 16,331 (24%) have an exact GEN-
CODE match and are deemed pFSMs (Fig. 3c). We found 28,737 (41%) potentially novel
protein isoforms, with 7642 (11%) pNICs and 21,095 (30%) pNNCs. A more detailed
breakdown of categorizations can be found in Additional file 3: Table S1. The remaining
sequences were classified as pISM or were putative translation products of transcripts
unlikely to be protein coding, such as intergenic transcripts.
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It is notable that transcript-level classification does not always translate directly to the
protein-level classification (Additional file 4: Table S2). For example, 371 transcript-level
ISMs (ISMs) are actually protein-level FSMs (pFSMs). This occurs when part of the 5
untranslated region (UTR) of a reference transcript is missing, but the ATG start codon
is preserved. As another example, for 4086 known protein isoforms (pFSMs, 25% of total
pESMs), the originating transcript was novel (NIC or NNC) with novel splicing events
exclusively occurring in the UTRs.

Predicted protein isoforms that are novel make up a substantial part of the database.
For the majority of genes (75%), at least one pNIC or pNNC protein isoform was uncov-
ered (Additional file 1: Fig. S2e). Furthermore, for a third of all genes with observed
transcripts, the most abundant protein isoform did not correspond to the “reference”
isoform (i.e., GENCODE APPRIS principal reference isoform [31], Additional file 1: Fig.
S2f), and 42.5% (1215) of those isoforms were entirely novel.

After annotation with SQANTI Protein, 45,068 protein isoforms (pFSM, pNIC, and
PNNC protein isoforms) from 10,348 genes were considered for database generation.

Defining a high-confidence PacBio-derived protein database

We generated a high-quality database for proteomic analysis with the following filter-
ing criteria. Within our PacBio dataset, we found that genes producing transcripts with
extreme lengths (e.g., less than 1 kb, longer than 4 kb), low abundance (e.g., below ~ 3
CPM, or full-length read counts per million), or without 3’ polyadenylation were not
fully covered due to technical limitations (see Additional file 2: Note S3). Therefore, we
used these criteria to select genes in which we were confident in the sampling of protein-
coding transcripts. By extension, we are confident that the protein isoform models for
these genes are reasonably complete. A total of 6653 genes meet our filtering criteria and
are within the “high-confidence” space (HC space). For all other genes, we populated
the protein database with GENCODE entries, generating a hybrid database to maintain
integrity of downstream proteomic analysis. This hybrid database of PacBio-derived and
GENCODE entries, called PacBio-Hybrid, is composed of 35,119 PacBio-derived pro-
tein entries from 6653 genes, and 48,413 GENCODE protein entries for the remaining
13,276 protein-coding genes (Additional file 1: Fig. S3a).

PacBio-derived protein isoform models for most genes differ from the reference

As described in the “Introduction,” differences between what is expressed in the sam-
ple and the reference database (see Fig. 1b—f; Match, Subset, Superset, Partial Overlap,
Distinct) can have striking consequences on the protein isoforms inferred by MS analy-
sis. Within the HC space, we found less than 5% of genes have PacBio-derived isoform
models that exactly match the reference database (Fig. 3d). The most frequent database-
sample discordance observed at a rate of 69% is “Partial Overlap,” in which the PacBio-
derived database contains one or more reference-matched isoforms, but also contains
additional novel isoforms. A total of 19,838 novel isoforms belong to genes in the “Par-
tial Overlap” category. The other database-sample discordance categories which con-
tain novel PacBio isoforms, “Superset” and “Distinct,” account for 8.9% and 3.1% of the
genes in the database, respectively. Overall, the number of predicted protein isoforms



Miller et al. Genome Biology (2022) 23:69 Page 9 of 28

for a given gene can diverge greatly between the sample-specific and reference database
(Fig. 3e).

MS-based proteomics analysis with a PacBio-derived protein database

The PacBio-derived proteome differs substantially from the reference proteome. Since
the database used for proteomic analysis serves not only as a model for identification but
also for protein inference, its isoform composition directly impacts protein identifica-
tions. To assess such impacts, MS data from the Jurkat cell line was obtained and used
for proteomic analysis with either the PacBio-Hybrid or GENCODE database. The MS
spectra for analysis was generated via liquid chromatography-MS (LC-MS)/MS data-
dependent analysis (DDA) of 28 fractions from high-pH reverse-phase liquid chroma-
tography (RPLC) of a Jurkat tryptic digest. Acquired spectra were searched using the
software tool MetaMorpheus [16] to obtain peptide- and protein-level identifications at
a 1% false discovery rate (FDR) (Additional file 5: Table S3, Additional file 6: Table S4).

PacBio-derived protein database recovers peptides identified with the reference database
Notably, the proteomic results using the PacBio-Hybrid database recovered 99% of pep-
tide and 99% of gene identifications found in the GENCODE reference database search
results (1% FDR cut-off, Fig. 4a,b). Similar trends of results were observed when consid-
ering data from only the HC space, as well as when comparing PacBio-Hybrid results
to search results obtained when using the UniProt reference database (Additional
file 1: Fig. S3b-g). Additionally, the overlap between identified peptides and genes for
the PacBio-Hybrid and reference database search results is comparable with the overlap
found between the search results of the two reference databases (GENCODE vs. Uni-
Prot, Additional file 1: Fig. S3h-i) demonstrating that the PacBio-derived database is
appropriately covering the protein space in the sample.

PacBio-derived isoform models lead to dramatically different protein isoform identifications
and can resolve ambiguities

MS-based identification of protein isoforms is challenging due to the uncertainty in
assigning shared (multi-mapping) peptides to their isoform(s) of origin. The protein
database utilized for analysis should represent the protein isoforms in the sample, but
differences between isoforms in the database versus the sample can impact the accuracy
and precision of the inferred protein groups (see Fig. 1) [9].

We found that although the peptide and gene-level identifications between the PacBio-
Hybrid and GENCODE MS search results were nearly 100% concordant (Fig. 4a,b), indi-
cating that the peptide set for protein inference is nearly identical, there were major
differences in the protein isoform identifications obtained (Fig. 4c). Only 41% (4503) of
the protein isoform groups from both PacBio-Hybrid and GENCODE results were iden-
tical. Similar results were observed for comparisons of protein groups in the HC space,
against the protein groups from the UniProt reference database search, and between the
protein groups obtained from the two reference database searches (Additional file 1: Fig.
S3j-m). This low overlap of protein inference results, across all comparisons, indicate
that differences in protein identifications are primarily caused by differences in protein
isoform composition of the databases.
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Fig. 4 Customized long-read-derived protein database for protein isoform detection. a-c Overlap of
peptide (@), gene (b), and protein isoform group (c) identifications from GENCODE versus PacBio database
searches. d Example of a“Subset” case in which the sample is inferred to express fewer isoforms, based on the
sample-specific PacBio-Hybrid database, than those inferred from the reference (GENCODE) database search.
Based on the peptide evidence, the protein isoform expressed is ambiguous when relying on reference
models, but precise (PB.2555.5 identified) when using the long-read database. e Example of a “Partial Overlap”
case in which the sample expresses fewer isoforms than the reference but, at the same time, expresses
additional novel isoforms not accounted for in the reference model. f Example of a“Distinct” case in which
the sample expresses isoforms that are entirely distinct from those isoform models in the reference. Though
the peptide maps to isoforms in the reference and sample, it is most likely arising from the novel protein
isoform annotated from the long-read data. In d—f, the PacBio-derived isoform label follows this format:
<gene>|<PB accession>|<SQANTI Protein class>|<CPM>. The peptide sequences display the flanking AA
which is not part of the identified sequence. CDS, protein coding sequences

The PacBio-derived database provides transcript-backed evidence of protein isoform
expression that, when combined with peptide evidence, can lead to enhanced protein
isoform identification. We found 3199 PacBio-Hybrid protein groups that are differ-
ent from those protein groups inferred through the GENCODE reference search. Of
these protein group differences, 673 cases (21%) result in increased specificity of pro-
tein isoform identification when using the sample-derived PacBio-Hybrid database. An
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illustration of this can be found in Fig. 4d. Based purely on MS peptide evidence, there
is ambiguity in terms of whether the isoform LNPK-201 or LNPK-212 is expressed,
but the PacBio transcript evidence indicates LNPK-201 is the main isoform likely to be
expressed in the cell line. Another common scenario, accounting for 873 cases (27%),
is that of partially overlapping protein isoform groups between the PacBio-Hybrid and
reference results, as illustrated by isoforms of MECP2 (Fig. 4e). Using the GENCODE
database as reference, MECP2-205 and MECP2-201 form a single protein isoform
group and are indistinguishable based on the peptide evidence. However, when using
the PacBio-Hybrid database, there was no transcriptional support for MECP2-201.
Instead, MECP2-205 forms a protein isoform group with the novel PacBio-derived iso-
form PB.16836.37. A third scenario, accounting for 382 cases (12%), occurs when all of
the protein isoforms for a protein group in the PacBio-Hybrid analysis are absent from
any protein groups within the GENCODE reference database analysis. This results in a
protein group that is entirely distinct to the PacBio-Hybrid protein inference results. An
example of this can be found in Fig. 4f, where the PacBio-derived database lists a single
isoform which is not found in the reference database, representing a case of an entirely
distinct isoform model.

For many of these cases, peptides were not detected in the isoform-specific regions,
leading to a high dependence of protein isoform inference on the isoforms represented
in the database. The isoform composition of a database has an outsize impact on the pro-
tein inference results obtained, and we believe that sample-specific databases improve
the accuracy of protein isoform detection.

Characterization novel RUNXT1 isoforms relevant to thymocyte biology

Within our data, we uncovered an excellent example of biologically relevant protein iso-
forms from RUNX1I using full-length PacBio sequencing. RUNXI expresses a key tran-
scription factor that regulates early thymocyte development [32, 33]. Rearrangements
or mutations of RUNXI are associated with multiple hematopoietic neoplasms [34, 35].
Interestingly, recent evidence indicates germline mutations in RUNXI are associated
with an increased risk of acute lymphoblastic leukemia (ALL) and that these mutations
result in the generation of dominant negative isoforms of RUNX1 [36]. The Jurkat cell
line, analyzed here, is derived from a 14-year-old male patient with ALL [37]. There-
fore, understanding the isoform landscape of RUNX1I in our sample is highly relevant.
Overall, we predicted 11 novel full-length protein isoforms of RUNX1 (Additional file 1:
Fig. S4). Eight of these predicted protein isoforms contain the complete DNA bind-
ing Runt homology domain (RHD) sequence expressed in-frame with novel down-
stream sequences (PB.15792.9, PB.15792.10, PB.15792.15, PB.15792.17, PB.15792.18,
PB.15792.32, PB.15792.33, PB.15792.40). Additionally, five of these predicted isoforms
(PB.15792.17, PB.15792.18, PB.15792.32, PB.15792.33, PB.15792.40) lack the transacti-
vation domain (TAD) found in the longer RUNXI protein isoforms. The TAD recruits
multiple cofactors (P300, CREBBP, TLE1) to RUNX1-binding sites, and thus each novel
protein isoform has the potential to represent a functional dominant negative isoform
capable of binding RUNX1 sites but unable to recruit relevant cofactors that mediate
gene activation or repression [35, 38]. Since full-length RUNXI is known to generally
activate T cell differentiation genes and suppress multipotent hematopoietic genes [33],
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expression of these newly predicted dominant negative isoforms is consistent with sup-
porting leukemogenic potential in Jurkat T-ALL. Peptide identifications provide support
for the presence of three protein isoforms in two distinct protein groups. The two iso-
forms PB.15792.10 and PB.15792.15, containing both the RHD and TAD, are inferred
as an indistinguishable protein group. Interestingly, PB.15792.40, one of the predicted
dominant negative isoforms, is identified with a uniquely mapping peptide.

Long-read, sample-specific database leads to discovery of novel protein isoforms

The MS search with the PacBio-Hybrid database revealed novel peptide sequences
which were absent from both the GENCODE and UniProt reference databases. Strin-
gent validation criteria were applied for novel peptide identifications and are described
in more depth in Additional file 2: Note S4. We manually examined candidate mass
spectra and confidently identified 14 novel peptides, each corresponding to a distinct
event (Additional file 6: Table S4). Such events arose from a diversity of mechanisms,
including upstream ATG start site usage, translation of a retained intronic region, and
novel exons (Fig. 5a—c).

Notably, 6 of the 14 novel detected peptides each map to a single isoform and there-
fore there is direct evidence for expression of the corresponding full-length protein
isoform. Such a direct link from peptide to full-length protein is only available with
knowledge of full-length transcripts expressed in the sample [39]. An example of this
is illustrated for the peptide, abbreviated as ESD, which confirms the novel terminal
exon in RABGAPIL, but also unambiguously maps to the full-length PacBio-derived
protein isoform PB.1248.6 (Fig. 5¢). Only a small fraction of all potential novel protein
isoforms are identified directly by a novel peptide. This is unsurprising based on previ-
ous reports regarding the detectability of isoform-specific tryptic peptides. The low
peptide coverage of alternative isoforms could be technical in origin [40, 41], and the
debate is ongoing regarding the extent to which novel transcript isoforms are trans-
lated into proteins [7, 8].

Long-read RNA-seq-informed protein isoform identification

In order to infer the presence of protein isoforms, most protein inference algorithms
employ a probabilistic or parsimonious approach. Probabilistic protein inference
algorithms seek to estimate th