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Long-read RNA-seq has shed light on transcriptomic complexity, but questions remain about the functionality of down-
stream protein products. We introduce Biosurfer, a computational approach for comparing protein isoforms, while system-
atically tracking the transcriptional, splicing, and translational variations that underlie differences in the sequences of the
protein products. Using Biosurfer, we analyzed the differences in 35,082 pairs of GENCODE annotated protein isoforms,
finding a majority (70%) of variable N-termini are due to the alternative transcription start sites, while only 9% arise from
5 UTR alternative splicing (AS). Biosurfer’s detailed tracking of nucleotide-to-residue relationships helps reveal an uncom-
monly tracked source of single amino acid residue changes arising from the codon splits at junctions. For 17% of internal
sequence changes, such split codon patterns lead to single residue differences, termed “ragged codons.” Of variable C-ter-
mini, 72% involve splice- or intron retention-induced reading frameshifts. We systematically characterize an unusual pat-
tern of reading frame changes, in which the first frameshift is closely followed by a distinct second frameshift that restores
the original frame, which we term a “snapback” frameshift. We analyze the long-read RNA-seq-predicted proteome of a
human cell line and find similar trends as compared to our GENCODE analysis, with the exception of a higher proportion
of transcripts predicted to undergo nonsense-mediated decay. Biosurfer’s comprehensive characterization of long-read
RNA-seq data sets should accelerate insights of the functional role of protein isoforms, providing mechanistic explanation

of the origins of the proteomic diversity driven by the AS. Biosurfer is available as a Python package.

[Supplemental material is available for this article.]

Through mechanisms of alternative transcription, splicing, and
polyadenylation, nearly every human gene can produce multiple
protein products, with ~20K genes giving rise to at least 180K an-
notated isoforms (Frankish et al. 2023). The pathway from a gene
to a protein is marked by several regulatory mechanisms that are
highly tuned across development and cell states, with disruption
of this regulation producing aberrant isoforms that lead to patho-
physiological states such as cancer and cardiovascular disease
(Cooper et al. 2009). Hence, approaches are needed to systemati-
cally characterize the upstream regulatory causes and functional
impacts of such protein isoform sequence changes.

The transcript and, by extension, protein isoform diversity
may now be globally characterized at great depth for individual
samples (Glinos et al. 2022; Reese et al. 2023). Transcript diversity
can be readily characterized by long-read RNA-seq, which employs
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single-molecule sequencing of individual cDNA or RNA molecules
to determine the sequence across the entire length of spliced tran-
scripts (Sharon et al. 2013; Workman et al. 2019; Tian et al. 2021;
Joglekar et al. 2023; Pardo-Palacios et al. 2024), with platforms
from Oxford Nanopore Technologies (ONT) and Pacific
Biosciences (PacBio) being most commonly used (Clarke et al.
2009; Eid et al. 2009). Long-read RNA-seq captures long-range con-
nectivity between multiple exons of a transcript and can reveal
complex splice patterns unattainable by short-read sequencing
(De Paoli-Iseppi et al. 2021), including dependencies across distal
splicing events (Anvar et al. 2018) and alternative 5’ and 3’ tran-
script usage. Given this readily characterized complexity afforded
by long-read sequencing, a natural question is the extent to which
such variations of the transcriptome lead to functional effects of
the proteome. Toward this goal, a necessary step is defining the
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potential proteome. Both our group and others have reported
methods in which long-read-derived transcript sequences serve
as templates for predicting full-length protein isoform sequences,
thereby providing a global snapshot of potential protein isoforms
expressed in a particular biological condition (Miller et al. 2022;
Veiga et al. 2022; Abood et al. 2024).

The complexity of alternative splicing (AS)—which for practi-
cal purposes in this manuscript, we define here as all transcription-
al variations, including alternative transcription start sites (TSS)
and transcription termination sites (TTS)—can be observed and
characterized at different levels: RNA transcript, open reading
frames (ORFs), and finally protein sequences (Reixachs-Solé and
Eyras 2022). The complex interplay between the changes occur-
ring to AS variants and their ORF and protein products is hard to
characterize and quantify. Changes in mRNA sequence may lead
to nonlinear or traditionally untracked variations. For example, a
subtle splicing event could lead to a reading frame shift and thus
to more marked changes to the C terminus of the protein than
the originating small change at the RNA level would suggest. Or,
AS could occur at codon boundaries, leading to altered amino
acid (AA) identities of codons that technically overlap in genome
space but are differentially “split” across exon-exon junctions.
And complex interplay may also be observed between transcrip-
tional variations and ORF choice, as alternative 5’ transcription
or AS could lead to different availability of initiator codons, delim-
iting start codon choice co-translationally.

We argue that rather than being an esoteric exercise, the abil-
ity to characterize all potential interplay of RNA-ORF-protein var-
iation is critical for fully elucidating the transcript and proteomic
diversity encoded within long-read RNA-seq data sets. As long-
read RNA-seq approaches are increasingly adopted in large-scale
studies of hundreds of samples (Glinos et al. 2022; Reese et al.
2023) and are maturing into stable tools being adopted by the
community (Pardo-Palacios et al. 2021), extracting all sources of
biological molecular diversity is critical. Such interplay cannot
be characterized by comparison of sequences using just one mo-
dality, such as transcript-focused annotation tools like SQANTI
or Matt (Tardaguila et al. 2018; Gohr and Irimia 2019) (see
Supplemental Text for a more extensive discussion of trans-
criptome analysis tools), or conventional protein sequence align-
ment tools like ClustalW (Chenna et al. 2003). Indeed, more
recently, multimodal comparisons have been reported. For exam-
ple, ORFanage is an approach for large-scale annotation of ORFs
across predicted transcripts in the CHESS database, the main focus
being optimal selection of ORFs based on protein alignments
(Varabyou et al. 2023a,b). Other tools geared toward the phyloge-
netics community have developed frame-aware alignment in
which the alignment scoring system includes penalties for
frame-shift-inducing gaps (Ranwez et al. 2011; Evans and Loose
2015; Jammali et al. 2022). However, these tools do not compre-
hensively elucidate the interplay between transcript and protein
variation.

To characterize how AS impacts the protein sequence, several
bioinformatic tools and databases have been developed, such as
VastDB, ASPicDB, ExonOntology, and DIGGER (Martelli et al.
2011; Tapial et al. 2017; Tranchevent et al. 2017; Louadi et al.
2021). Tools such as tappAS and IsoTV enable annotation of
how protein isoform sequences differ and, in addition, infer their
potential functional differences (de la Fuente et al. 2020;
Annaldasula et al. 2021). For example, tappAS is a Java application
for quantifying differential isoform usage but also to functionally
annotate such isoforms, using the module IsoAnnot (de la Fuente

et al. 2020). IsoAnnot maps protein features (e.g., Pfam domains)
across isoforms of a gene, and determines how splicing leads to
partial or full removal of protein features, indicating potential
changes to molecular functions. Despite the existence of these
tools, of need is the ability to systematically capture all possible ef-
fects to protein isoforms, with the accompanying information of
the underlying RNA-protein relationships.

To fill this gap, we developed Biosurfer, a tool that enables
one to compare related protein isoforms to each other while retain-
ing the context of the upstream regulatory variations, which
makes it unique among the landscape of published transcript
and protein isoform analysis tools. Biosurfer is unique in that it
is a computational pipeline that compares related protein isoform
sequences and, in the process, tracks simultaneously the changes
at all three levels, to understand the impact of AS on transcrip-
tome, ORFeome, and proteome diversity. Biosurfer computes de-
tails not immediately apparent from genome annotation files or
manual inspection in genome browsers, such as how between iso-
forms of the same gene the frame of translation and codon topol-
ogy influences AA sequence identity changes. To accomplish this
multilayered comparison, a genome is used as a “scaffold” to exact-
ly position all nucleotides, codons, AA elements, and associate
with each elements local and context-dependent attributes. The
resulting data structure of three distinct yet interlinked layers in-
form on the upstream biological mechanisms leading to protein
sequence changes. To demonstrate the utility of Biosurfer, we glob-
ally characterize variation across protein isoforms in the reference
human annotation (GENCODE) and protein isoforms predicted
from long-read RNA-seq of a human stem cell line. This character-
ization includes comprehensive elaboration of all sources of N-ter-
minal, internal, and C-terminal protein variations observed,
highlighting mechanisms of RNA-protein interplay.

Methods

Biosurfer package for isoform analysis and visualization

Biosurfer is a computational pipeline that performs a multilayered
comparison between a pair of protein isoforms, in which differenc-
es at three different levels: RNA (nucleotides, nt), ORF (codon), and
protein (AA residues, AA) are simultaneously tracked. The devel-
oped data structure enables not only the comparison of AAs, but
the tracking of frameshifts, patterns of codon splitting at junc-
tions, and the attendant upstream nucleotide and codon differenc-
es that explain AA changes. Such tracking aids in the systematic
annotation of explanatory mechanism(s) underlying AA residue
changes, such as whether a substitution of a stretch of AA residues
is due to AS or a frameshift (Supplemental Fig. S1).

The Biosurfer pipeline is organized into three stages (Fig. 1).
First, an SQLite database is populated with detailed information
on each protein isoform at the associated transcript, ORF, and pro-
tein product levels. For each isoform, the required inputs are (i) a
transcript FASTA, (ii) a protein FASTA, and (iii) a matching GTF
with both Exon and CDS features. The inputs can either be extract-
ed from the reference annotations (e.g., GENCODE [Harrow et al.
2012]), or they can be user-defined (e.g., predicted protein isoform
sequences from long-read RNA-seq data [Miller et al. 2022] by us-
ing OREF callers such as CPAT [Wang et al. 2013] or Transdecoder
[Haas et al. 2013]). Second, multilayered isoform-level alignments
are generated, and each alignment is represented as three key data
structures: t-blocks, c-blocks, and p-blocks corresponding to the
view of the aligned isoforms at the transcript, codon sequence,
and protein sequence levels, respectively (Supplemental Fig. S2).
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Figure 1. Biosurfer for analysis and visualization of protein isoform sequence differences. Biosurfer an-
alyzes protein isoforms from reference annotations (e.g., GENCODE) or proteins predicted from long-
read RNA-seq data. Analysis initiates with the creation of an SQLite database populated with isoform-rel-
evant elements. Biosurfer performs a multilayered comparison of transcript-, codon-, and protein-level
differences between pairs of protein isoforms. Variable regions, as well as their associated annotations,
are output in tabular format and visualization files, which include protein-relevant details such as the
frame of translation. Note that the terms “match,” “deletion,” etc., represent very different comparisons
depending on the biological layer. (GTF) Gene transfer format; (iPSCs) induced pluripotent stem cells.

Third, all information is summarized in tabular format, to facilitate
analysis of the transcription-level and codon-level mechanisms
driving the proteomic diversity. In addition, a visual representa-
tion of such mechanisms integrated with the protein-level view
of the isoforms can be output as PNG files.

Data structures for presenting transcript-, ORF-, and protein-level
isoform alignments in Biosurfer

Biosurfer compares transcript-, ORF-, and protein-level sequences
for each gene. One isoform is selected as reference and the other
isoforms are denoted as alternative. The choice of which transcript
(and associated isoform) is the “reference” is entirely up to the con-
trol of the user; however, the suggested default is the APPRIS prin-
cipal isoform. When aligning each alternative isoform to the
reference, the matched regions are referred to as matched blocks.
The remaining regions on each sequence that are not matched
blocks are referred to as unmatched blocks. See the Supplemental
File for the step-by-step schema of the comparison process, which
is summarized below.

Transcript blocks (t-blocks)

T-blocks represent subsegments of the transcript sequence that are
shared or unique to the reference or alternative transcript.

\ Isoform visualization

m————_ .=

i.e., ORF, between two isoforms. The
c-block data structure is the most com-
plex, but critical, layer in Biosurfer that
connects information between the tran-
script and protein layers.

For ultimate granularity and preci-
sion, ORFs are compared based on the
alignment of codons that overlap in the
genome space, in which one codon in
the reference isoform is compared with
another codon in the alternative isoform
(see Supplemental Methods for addition-
al details). First, codons across the two
isoforms are “paired” based on their mu-
tual positions and base overlap: in a basic
scenario, the two codons are identical,
and their positions match (Table 1;
Supplemental Fig. S3A); in a more complex scenario, the codons
are split and only partially overlapped (1 or 2 bases, see Table 1;
Supplemental Fig. S3B,C). In all other cases, the codons will be des-
ignated as “unpaired” (Table 1; Supplemental Fig. S3B). To keep
track of unpaired codons within the data structure, they are linked
to a “placeholder” codon, which serves to maintain the consisten-
cy of the c-block structures. Once aligned, each single codon pair is
categorized with respect to multiple attributes that explain their re-
lationship. Overall, the paired and unpaired codons are classified
into nine categories based on their translation status, frameshift
status, and codon topology (Table 1).

Protein blocks (p-blocks)

P-blocks represent a protein-centric layer defined through t- and c-
block-guided comparisons of two protein isoforms, thus focusing
solely on the relationships between the AA residues of the respec-
tive protein isoforms. This decision was motivated by the fact that
in most cases, functional differences exhibited by an alternative
protein isoform are attributable to differences in protein rather
than nucleotide sequences between the alternative and reference
isoforms, and these differences could be conceptually decoupled
from the knowledge of the upstream (ORF- or transcript-level) res-
idue-altering mechanisms.
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Table 1. Categories of overlapping codon pairs that are the basis for codon blocks (c-blocks)

General C-block Positional
Codon pair status category category Codon topology Description identity Schema
Paired Simple Match Both: contiguous  Exact match in genomic  3/3 overlap -
or split position and nucleotide
triplet identity L]
Unpaired: empty Deletion Both contiguous Codon missing in the 0/3 or1/3 e =
“placeholder” codon alternative isoform overlap 1 or
Insertion Codon missing in the 0/30r1/3 LR al
reference isoform overlap D = Rl

Translational Untranslated

Unpaired: “placeholder”

Both: contiguous

Nucleotide triplet not

0/30r1/3 D

codon that represents an status or split translated in the overlap
untranslated position alternative isoform
Translated Nucleotide triplet not 0/30r1/3 T
translated in the overlap D
reference isoform
Paired Frameshift Ahead Both contiguous Alternative isoform 2/3 overlap patfred
codon one position G o T2
downstream -
Behind Alternative isoform 2/3 overlap ar[3red
codon one position Nror
upstream E E
Split codon Edge® Both split Codons overlapping at Different [res[F] [t
patterns the junction 3
Complex® Both splitor 1 of ~ Codons overlapping at Different < =

the 2 codons

the junction, and are
frameshifted

A subset of these paired codons can result in AA differences, or “ragged” codon pairs.

The p-blocks for a pair of isoforms are determined by translat-
ing c-blocks defined at the previous level. The resulting data struc-
ture represents subsegments of contiguous stretches of AA residues
from each protein sequence. Each subsegment could be as short as
a small translated portion of an exon (even a single residue, in the
case of NAGNAG splicing), but it can also span multiple exons of a
gene. Because the actual matching happened at the two previous
levels (t-blocks and c-blocks), no alignment is required at the p-
block level. The resulting protein subsegments can be either (1) ful-
ly matched (100% sequence identity, across all residues in the sub-
segment), or (2) mismatched, where a subsegment in one protein
sequence will be aligned against a gapped region in the other se-
quence. Thus, a p-block represents either a matched pair of protein
subsequences or a subsequence matched against a gapped region.
P-blocks are then classified as match, insertion, deletion, or substi-
tution changes. Substitution p-blocks must arise from a combina-
tion of insertion/deletion/frameshift events found at the c-block
level.

Overall, these p-block changes are agnostic to the upstream
mechanisms, e.g., at the transcript or ORF levels; however, at the
same time, the corresponding upstream mechanisms can be re-
trieved and analyzed within Biosurfer, unlike with traditional pro-
tein aligners.

Criteria for classifying N-terminal, internal, and C-terminal
alterations

To systematically categorize protein sequence alterations as N-ter-
minal, internal, or C-terminal, we apply the following criteria:
An alteration is considered N-terminal if there are sequence
differences at the N terminus of the protein, corresponding to
one or more exons (with the first exon either fully or partially map-

ping to the N-terminal region). These differences must be due to an
insertion, deletion, or substitution p-block. Importantly, there
must be a match p-block downstream from these N-terminal differ-
ences, indicating that the protein sequences are identical beyond
the altered N-terminal region.

An alteration is classified as internal when there is an inser-
tion, deletion, or substitution p-block located within the protein
sequence that does not include the N-terminal or C-terminal re-
gions. This internal p-block must be flanked on both sides by
match p-blocks, signifying that the sequences upstream and
downstream from the alteration are identical.

An alteration is deemed C-terminal if there are sequence dif-
ferences at the C terminus of the protein, involving one or more
exons (with the last exon either fully or partially mapping to the
C-terminal region). These differences must be due to an insertion,
deletion, or substitution p-block. Additionally, a match p-block
must be present upstream of these C-terminal differences, indicat-
ing that the protein sequences are identical before the altered
C-terminal region.

Analysis of GENCODE isoforms using Biosurfer

The principal and alternative isoforms were defined using the
APPRIS annotation of genes (Rodriguez et al. 2013). First, the set
of APPRIS isoforms is identified for each gene from the input ge-
nome data (GENCODE v42, basic annotation [Frankish et al.
2021]) by extracting the key transcript features associated with
the protein isoform, such as “transcript_id,” “transcript_name,”
and the associated APPRIS “tag” (Rodriguez et al. 2013). Second,
the transcript’s APPRIS status is determined as “principal,” “alter-
native,” or “none,” based on first rank-ordering of transcripts
based on APPRIS tag and setting the transcript with the highest
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APPRIS value as “principal” and all other transcripts as “alterna-
tive.” We did not consider further genes with only one annotated
isoform. Subsequently, we compiled a structured data set for each
transcript, encompassing identifiers, gene associations, strand ori-
entation, and APPRIS status.

Long-read RN A-seq analysis of WTCHI cell line

Total RNA from WTC-11 cells was extracted using the RNeasy Kit
(Qiagen) and analyzed on an Agilent Bioanalyzer. We observed
an RNA concentration of 30 ng/uL. with the RNA Integrity Score
(RIN) of 9.9. As described previously (Mehlferber et al. 2022),
cDNA was synthesized from the extracted RNA and the Iso-Seq
Express Kit SMRTbell Express Template prep kit 2.0 (Pacific
Biosciences) was used on a Sequel II system to obtain long-read se-
quence information and output circular consensus (CCS) reads.
Data are available at the NCBI Sequence Read Archive (SRA;
https://www.ncbi.nlm.nih.gov/sra) under accession number
SRR18130587 and previously published (de Souza et al. 2023).

We analyzed the WTC-11 data with a proteogenomics
Nextflow pipeline we previously developed (Mehlferber et al.
2022; Miller et al. 2022). The output CCS reads from long-read se-
quencing were processed with Iso-Seq3 and SQANTI3 (version 1.3)
for transcript classification and quality assessment. The CPAT
(Wang et al. 2013) algorithm was used to predict ORFs, which
were grouped into protein isoforms.

The Biosurfer code is publicly available (see Software
availability).

Results

Characterization of altered protein regions in the human
annotation (GENCODE)

Here, we demonstrate the utility of Biosurfer through genome-
wide analysis of protein isoforms in the GENCODE annotation
(basic annotation, version 42 [Frankish et al. 2021]). We analyzed
35,083 reference-alternative protein isoform pairs across 11,815
genes (Fig. 2A). Each pair consists of the reference protein isoform
for a gene—the APPRIS principal isoform (Rodriguez et al. 2013)—
and an alternative protein isoform. The number of isoform pairs
corresponds to the number of “alternative” isoforms for a gene
(Supplemental Table S1). Genes with only one annotated isoform
(8166 of 19,981) were excluded from the analysis (Supplemental
Table S2).

Globally, we found a total of 44,326 altered protein regions
with an average of 1.3 altered regions per isoform. Note that we
are using the term altered protein region, in this section of the
manuscript, to refer to p-blocks that encode a change in protein se-
quence (i.e., a deletion, insertion, or substitution p-block, as in a
nonmatch p-block) (see Methods). Altered protein regions are con-
tiguous regions of altered protein sequence relative to the “refer-
ence” (i.e.,, APPRIS principal) protein, which includes p-block
insertions, deletions, and substitutions. A majority (79%, 27,672
of 35,083) of isoform pairs contain a single altered region (Fig.
2B). Still, 7411 alternative isoforms contain two or more discontin-
uous altered regions. The average number of altered regions per
transcript increases with the number of exons and the length of
gene, ORF, CDS, and protein for both reference and alternative iso-
form (Supplemental Fig. S4). Some isoform pairs exhibiting the
highest number of altered regions include DNAH14, in which 14
regions are found for proteins of DNAH14 (Reference: DNAH14-
220, Alternative: DNAH14-211), potentially explained by its large
number of exons (86 exons for DNAH14-220).

Among the 44,326 altered protein regions (Fig. 2C), the medi-
an number of affected AAs (lost or gained due to a protein inser-
tion, deletion, or substitution) is 49 AA, with the first and third
quartiles containing 21 AA and 128 AA, respectively. Among the
altered regions, 14% (6189) are insertions, 47% (20,780) are dele-
tions, and 39% (17,357) are substitutions (Fig. 2D). Full annota-
tions for these altered regions at the protein and codon-level,
representing the Biosurfer output for protein-blocks (p-blocks)
and codon-blocks (c-blocks) can be found in Supplemental
Tables S3 and S4.

The lengths of p-block insertions tend to be shorter than the
length of deletions (P< 2.2 x 10~'6, Mann-Whitney U test) or substi-
tutions (P<2.2x 1071°, Mann-Whitney U test) (Fig. 2E-H). Since the
deletion or insertion status of a protein region is dependent on
which isoform is denoted as the reference, this trend may reflect
the tendency that longer isoforms are more likely to be defined as
the “reference” isoform, which may be biologically driven or influ-
enced by genome annotation guidelines (Rodriguez et al. 2013;
O'Leary et al. 2016; The UniProt Consortium 2017; Frankish et al.
2021; Varabyou et al. 2023a). We found a similar trend for p-block
substitutions; the lengths for substituted regions tended to be longer
for the sequence affected in the reference (Fig. 2G) versus the alter-
native (Fig. 2H) isoform; although, for 3263 (18% of cases), the af-
fected regions in alternative isoforms can be longer (Fig. 2I).

Analysis of N-terminal protein variations

Variations in the N-termini are found in 28% (12,504 of 44,326) of
all possible reference-alternative isoform pairs, corresponding to
5872 genes (Supplemental Table S5). We examined for the N-ter-
minal variations the explanatory mechanism, including alterna-
tive TSSs, AS, and alternative translation initiation sites (TISs).

All cases of variable N-termini involve two initiation codons
(AUGsS), one upstream and one downstream, relative to the ge-
nome. A major category we first observed are those in which the
N terminus is different due to start codons that are mutually exclu-
sively present across the two transcripts (Fig. 3A). Specifically, the
start codon present in the reference isoform is absent from the al-
ternative isoform, and vice versa. These “mutually exclusive start
codons” or MXS were observed for 3123 reference-alternative iso-
form pairs (Fig. 3A). MXS may arise either from an alternative TSS
or from AS in the 5" UTR. We found that nearly all (99%, 3097 of
3123) cases are caused by alternative TSS usage (Fig. 3A, hatched
region of the bar), with only a small, but nonzero, fraction (1%,
26 of 3123) of MXS cases arise from splicing of the 5’ UTR, in which
splicing regulation is influencing N-terminal usage. An example of
TSS-driven MXS for PRKACA is shown in Figure 3B (pair, PRKACA-
201 and PRKACA-202).

The second category is when the upstream start codon is
transcribed in only one of the two isoforms, but the down-
stream start codon is present in both transcripts. We refer to this
scenario as shared downstream starts (SDSs), of which there were
6878 cases (Fig. 3A). Like with cases of MXS, SDS arises primarily
from alternative TSS usage (80% of cases) versus 5'-UTR AS (20%
of cases).

MXS and SDS are common patterns underlying alterations of
the N-termini or protein, driven by differential availability of initi-
ator codons in the mature transcript. We asked if there may be dif-
ferences in the length of such N-terminal alterations for SDS versus
MXS events. Measuring the differential length of the affected
N-terminal regions between reference-alternative isoform pairs,
we found that, on average, SDS tends to affect a greater proportion
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Figure 2. Characterization of altered protein regions (Biosurfer p-blocks) across the GENCODE-annotated human proteome. (A) Schematic of genes with
one or two alternative protein isoforms and distribution of the number of alternative protein isoforms per gene. (B) Schematic of the altered protein regions
(here, highlighted in pink and blue), displayed relative to the underlying transcript structures. The proteome-wide distribution of the number of affected
protein regions observed per alternative isoform. (C) Distribution of the length of altered protein regions across the annotated proteome. Differences >600
AAs are not included (2347 cases, 5.3% of the data). These altered protein regions include cases of (1) deleted regions, (2) inserted regions, and (3) the
region (in the reference isoform) in which one polypeptide subsegment is substituted for another. In other words, this distribution (C) represents an ag-
gregation of the distributions shown in £~G. (D) Fraction of altered protein regions affected by insertions, deletions, and substitutions. (E-H) Distribution of
the lengths of altered protein regions for (E) deletions, (F) insertions, (G) substituted region in the reference isoform, and (H) substituted region in the
alternative isoform. (/) Comparison of the lengths of altered regions in the reference versus alternative isoforms for substitutions.

of protein length, as compared to MXS (Fig. 3C; Supplemental Fig.
SS; P=2.8 x 107'*®, Mann-Whitney U test). The larger differences
in length driven by SDS could be explained by cases in which tran-
scription is initiated from internal sites of the gene, giving rise to
an ORF that corresponds to a subsequence of the ORF in the other
isoform, theoretically producing a truncated C-terminal-contain-
ing subsequence of the full-length protein.

Recently, a mechanism related to SDS was described in which
internal exons (not the 5’ most exon, i.e., first exon of a transcript)
in one transcript can be immediately downstream from a DNA
element of novel promoter activity and thus serve as the first tran-
scribed exon in other isoforms (Fiszbein et al. 2022). Such so-called
hybrid exons thus can operate as both sites of transcription initia-
tion and AS, in effect, swapping their roles depending on the reg-

ulatory context. Of the cases of SDS, we observed that ~22%
correspond to these hybrid exon swaps (Fig. 3D; Supplemental
Table S6). The functional consequences of hybrid exon usage are
not well understood; however, one potential function could be
the production of a protein with a truncated N terminus, which
could remove signal peptide sequences or binding domains
(Kelemen et al. 2013).

In addition to MXS and SDS, wherein start codon availability
is controlled through differential transcription, we also observed
many cases in which both upstream and downstream start codons
co-occur in one or both transcripts of a pair. In these cases, the
choice of start codon may be influenced by cotranslational regula-
tion, e.g., ribosome initiates translation at alternative initiation
sites (altTIS).
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Figure 3. Analysis of mechanisms underlying variable N-terminal proteins across the GENCODE-annotated human proteome. (A) Distribution of the
types of alternative N-terminal regions, classified based on the presence and translational status of the start codon. Hatches denote the fraction of alter-
native N-terminal regions associated with alternative TSSs, as opposed to 5" UTR AS. (B) Biosurfer output of altered N-terminal regions for PRKACA gene that
undergo MXS (light green arrows) and SDS (dark green arrows). In the example of MXS, the yellow bars above and below PRKACA-202 (alternate) tran-
script indicate the N-terminal ranges that differ between the reference and alternative isoform. The yellow bar above PRKACA-202 shows the N-terminal
protein sequence that is specific to the reference (PRKACA-201) and the bar below the transcript indicates the N-terminal region specific to the alternative
isoform. The Biosurfer bars span the intronic lines between exons, but intronic regions do not contribute to the protein sequence differences. In the ex-
ample of SDS, the pink Biosurfer bar above the transcript of PRKACA-203 represents the range of transcript sequence that is translated in the reference,
but not translated in the alternative isoform. (C) Scatterplot of the length of affected N-terminal variation in the reference versus alternative, faceted by
mutually exclusive starts (MXS) or shared downstream start (SDS) status. An interesting case of an SDS leading to unique N-terminal sequence in the ref-
erence is caused by the usage of a different frame at the initiation of translation, with an example shown for isoforms of the gene FHOD3. (D) Fraction of
SDSs caused by hybrid exon swaps.

For 2054 cases, we found altTIS, which we classified as instanc-
es of a mutually shared start (MSS) codon. We also found 449 cases
in which the upstream start codon is present in both isoforms, but
the downstream start codon is only present in one isoform.

In such cases of shared upstream start (SUS) (Fig. 3A), the ex-
planatory cotranslational mechanism is not as clear, based on the
ribosomal scanning model of translation initiation (Kozak 1978).
The upstream start codon present in both isoforms would need
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to be bypassed by the ribosome only in the alternative isoform.
Therefore, some of the SUS annotations may need to be validated
or may be erroneous ORF calls, as early ORF prediction workflows
attribute higher scores to longer ORFs (Wang et al. 2013; Varabyou
etal. 2023a), under-annotating ORFs that utilize the upstream (an-
notated) start codon but is much shorter than the reference due to
a reading frame shift (Wang et al. 2013).

Analysis of internal protein variations

The internal regions of the protein isoforms account for 43%
(19,263 of 44,326) of possible reference-alternative isoform pairs,
corresponding to 6673 genes (Supplemental Table S7). A large ma-
jority of these regions (80%, 15,444 of 19,263) are caused by single

simple splicing events: exon skipping, alternative acceptor, alter-
native donor, or an in-frame retained intron. As expected, exon
skipping events are most numerous making up 9505 of cases. In
terms of the general effect on protein sequence, most altered re-
gions (70%, 13,453 of 19,263) lead to a deletion or removal of
AA residues (Fig. 4A), and, again, in such cases, exon skipping is
most common (51%, 6908 of 13,453).

Going beyond simple splicing events, we observed that 19%
of variable internal regions (3701 of 19,263) were associated with
multiple events, which we refer to as compound, or linked, splic-
ing events. We found that 56% (2099 of 3701) of compound
events involve multiexon skipping, the rest being combinations
of alternative donor/acceptor sites with exon skipping/inclusion
(Fig. 4B).
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Figure 4. Analysis of internal protein-altered regions across proteins in GENCODE. (A) Frequencies of the categories of the splicing mechanism under-
lying internal protein sequence changes, split by their protein-coding impact (deletion, insertion, and substitution). All sequence regions involve a refer-
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Complex nucleotide to AA relationships that affect internal
protein sequences

Previous studies of the impact of splicing on proteins have typical-
ly focused on cases in which differential splicing of transcript
regions directly corresponds to changes in protein sequence
(Reixachs-Solé and Eyras 2022). However, in many instances, there
is not a simple one-to-one relationship between nucleotides in a
transcript and the corresponding AA identities in the encoded pro-
tein. Such complexity alters the protein sequence in nonintuitive
ways. Using the detailed codon tracking afforded by Biosurfer, we
systematically characterized the protein-level impact of variations
not commonly described: codons that span junctions and unusual
reading frame shifts.

To characterize differentially split codons, we examined all
paired codons (see c-block section in Methods) that are split across
junctions and determined the identity of the associated AAs
(Supplemental Fig. S3). Across all internal altered protein regions,
we found 17% (3213 of 19,263) of regions that are flanked by one
or more split codon pairs encoding different AA residues (Fig. 4C;
also see Table 1). These so-called ragged codons affect a single resi-
due and are always adjacent to an altered protein region. Split co-
dons are enriched by splice event type (Chi-square test: P-value =
5.54 x 107°%), and we found that ragged codons are more frequently
found in protein insertions compared to deletions or substitutions
(Chi-square test: P-value=4.11 x 1071%),

Notably, we found an uncommonly characterized pattern of
successive reading frame shifts that exclusively affects the internal
residues of a protein. In these cases, the alternative isoform’s read-
ing frame is shifted due to one splicing event, but then shifts back
into register of the reference frame due to a second, independent
splicing event. We refer to these events as “snapback” frameshifts,
as there is a return back to the original reading frame. Snapback
frameshifts have been previously observed, such as in the gene
HSF4, which produces internally frameshifted isoforms that have
been demonstrated to exert different regulatory effects (Tanabe
et al. 1999), but the snapback phenomenon generally speaking
has not been systematically described. Within GENCODE, we
found 118 examples of such snapback isoforms across 95 genes, in-
cluding FAS and PLEKH]1 (Fig. 4D; Supplemental Table S8). What
is potentially interesting about these cases is that the same under-
lying genomic sequence encodes different AA residues, and genet-
ic mutations could lead to two different residue changes
depending on the isoform, although the functional significance
of such variations is unknown.

Analysis of C-terminal variations

C-terminal changes make up 28% (12,241 of 44,326) of reference-
alternative pairs, corresponding to 6138 genes (Supplemental
Table S9).

To break down the sources of C-termini variability, we found
it useful to distinguish the most direct preceding cause of altered
C-termini. In principle, all C-terminal changes must arise from
an upstream splicing event that influences the termination
codon used (notwithstanding posttranslational cleavage events).
However, such changes could be further classified. The altered
C terminus could arise from alternative terminal (i.e., last) exons,
each harboring a different stop codon, so that the splicing event
directly influences the stop codon availability (i.e., direct splice-
driven events). In other instances, C-terminal changes could arise
from a somewhat indirect relationship to the splice event, such as
when a splicing event causes a translational frameshift, in effect,

“revealing” in the other frame a new stop codon that is now decod-
ed by the ribosome (i.e., frameshift-driven events) (Supplemental
Table S9).

In direct splice-driven events, the stop codon availability is
dictated by the actively transcribed regions that contain the stop
codon. We find this scenario for 72% (8877 of 12,241) of all C-ter-
minal variations (Fig. 5A). These variations can be further classitied
based on the pattern of splicing at the C terminus. The first pattern
involves an exon extension into the intron region, introducing a
premature stop codon. These exon extensions introduce termina-
tion, or “EXIT,” make up 3498 (39.4% of 8877) cases (Fig. 5B). The
second pattern involves usage of alternative terminal coding exons
or “ATE,” making up 3301 (37.1% of 8877) of cases (Fig. 5B).
Overall, EXIT and ATE changes lead to a shorter C-termini in the
alternative isoform (distribution shown in Fig. 5C).

EXIT versus ATE reflects how different “modes” of spliceosome
regulation could lead to distinct C-terminal consequences. In EXIT,
the reference-containing donor splice site fails to be spliced in the
alternative isoform, leading to partial or full intron retention. An ex-
ample of EXIT is shown in the right panel of Figure 5C for the pair,
TDRD12-206 and TDRD102-202. In ATE, on the other hand, the
spliceosome catalyzes splicing at one of two splice site acceptor sites,
influencing terminal exon identity and thus stop codon used. A
well-known pattern of ATE is poison exons, a mechanism by which
the inclusion of an exon leads to a premature termination codon
that either elicits nonsense-mediated decay or generates a truncated
protein product (Carvill and Mefford 2020). Poison exons are evolu-
tionarily conserved and likely play a role in downregulating gene ex-
pression (Lareau et al. 2007). We found 550 (6.2% of total 8877)
cases of potential poison exons. Other ATE patterns include one
in which the alternative last exon of the alternative isoform resides
in the UTR region of the reference isoform, suggesting that such se-
quences in the 3' UTR could dually code both transcript and protein
functional elements. We found 819 (9% of 8877) cases of such alter-
native last exon in UTR (ALEin UTR) (Fig. 5B). A third ATE variation,
referred to as a cut-out splice terminal exon (COSTE), the 5" end of
the last exon is shared, but the alternative isoform utilizes a splice
site that skips over the remaining portion of the last exon in the ref-
erence, thereby creating a different last exon not found in the orig-
inal reference. We identified 273 cases of this pattern (3% of 8877)
(Fig. 5B).

Frameshift-driven events influence stop codon usage some-
what indirectly through shifts in the translational reading frame.
In such cases, a splice-induced reading frame shift causes all down-
stream codons to be read in a different frame and stop codons are
“revealed,” or decoded, by the ribosome. We found 3364 (28% of
12,241) cases of frameshift-induced C-terminal changes (Fig. SA,
examples are shown in Fig. 5D, pairs, GIPC3-201 and GIPC3-
202, along with FANCM-201 and FANCM-231). Generally speak-
ing, frameshifts lead to a substantial shortening of the C-terminal
region in the alternative isoform; however, we found 549 cases
(16% of 3364) in which the C-terminal region is longer in the alter-
native versus the reference isoform (Fig. 5D).

We also observed across all frameshift-driven events a deple-
tion of isoform pairs in which a large portion of the reference iso-
form (e.g., 2000 AA or longer) is truncated due to a frameshift in
the alternative isoform (Fig. SD, left-hand scatterplot), a trend not
observed in an experimentally predicted proteome (see section be-
low and Supplemental Fig. S15B). This global depletion likely repre-
sents gene annotation decisions, as dramatically truncating
frameshift events that contain untranslated exon junctions down-
stream from the stop codon (in the 3’ UTR) would lead to predicted
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Figure 5. Analysis of alternative C-terminal protein sequences in GENCODE v42. (A) Frequency of alternative C-terminal categories based on splicing or
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NMD, and these transcripts would be filtered out or reassigned an
NMD biotype (Harrow et al. 2012). Supplemental Figure S6 shows
differential lengths between reference and alternative isoforms for
the various C-terminal variation categories described in this section.

Functional enrichments based on variation type

We further examined genes that exhibited N-terminal, internal,
and C-terminal variation to determine if such genes might exhibit
certain biological properties. We performed GO enrichment anal-
ysis using Enrichr for N-terminal, internal, and C-terminal variable
genes, results in Supplemental Table S10 (Kuleshov et al. 2016).
We found that C-terminal variable genes may be enriched in apo-
ptotic processes. Internal variable genes seem to be enriched for
phosphorylation and may reflect the fact that AS occurs in intrin-
sically disordered regions that more likely harbor phosphorylation
sites (Buljan et al. 2012). N-terminal variable genes may be
enriched in transcriptional regulation. We found a negative
correlation between variable N-term genes and the presence of a

signal peptide (Supplemental Table S11, chi-squared test, P-value
<2.2x107'%) (The UniProt Consortium 2017).

Cases of nonoverlapping or entirely distinct ORFs

For the remaining reference-alternative pairs, 0.7% (318 of
44,326), that were not classified as N-terminal, internal, or C-ter-
minal variations, we found such cases represent ORFs that do
not overlap in genome space (example in Supplemental Fig. S7A)
or are completely unrelated in polypeptide sequence due to a com-
bination of nonoverlapping and at least one frameshifted region
(example in Supplemental Fig. S7B). In such cases of unrelated
ORFs, the entire isoform is considered to be a p-block substitution
and output in Biosurfer tables.

Characterization of altered protein regions in the mouse genome

To demonstrate the wide applicability of Biosurfer and to investi-
gate whether those patterns found in the human genome
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described above are conserved in other species, we applied the
same analysis pipeline to a mouse genome (GENCODE M35)
(Harrow et al. 2012). We analyzed 16,398 reference-alternative
protein isoform pairs across 21,639 genes. We found 20,425 al-
tered protein regions with an average of 1.2 altered regions per iso-
form. In total, 13,198 (80% of 16,398) isoform pairs contain a
single altered region, while the rest pairs have two or more discon-
tinuous altered regions. The characteristics and distribution of var-
iation in N-terminal, internal, and C-terminal regions are very
similar between mouse and human genome and are illustrated in
Supplemental Figures S8-S11, and data may be found in
Supplemental Tables S12-S15.

Characterization of altered protein regions across a long-read-
predicted proteome

The process of defining the reference proteome heavily draws from
sources of experimental evidence such as deeply sequenced cell and
tissue types, and the protein isoform sequences represent an aggre-
gate model of the human proteome. Therefore, to characterize po-
tential isoform-related protein variability in a specific biological
condition, we employed a “long-read proteogenomics” pipeline
(Miller et al. 2022), generating a proteome predicted from long-
read RNA-seq transcript sequences collected from a karyotypically
normal human stem cell line (WTC-11). Using Biosurfer, we charac-
terized the landscape of protein isoforms in the WTC-11 proteome
and found 44,916 protein isoform pairs across 10,117 genes
(Supplemental Table S16, p-block and c-block outputs in
Supplemental Tables S18, S19). We found that 19,570 of the
44,916 alternative isoforms were known and 23,884 were novel,
i.e., without a match to GENCODE using the SQANTI Protein com-
parison tool (Supplemental Table S17). Assigning the GENCODE
APPRIS as the “reference,” we defined 53,915 altered protein regions
(Supplemental Fig. S12). Compared to the GENCODE analysis, sim-
ilar trends were observed for N-terminal (Supplemental Fig. S13)
and internal region variation (Supplemental Fig. S14, snapback iso-
forms in Supplemental Table S20). Besides these similar trends, the
experimental proteome returned a higher number of C-terminal
variations that involved intron retention events (EXIT event type,
see Fig. 5B) as compared to GENCODE isoforms, matching earlier
findings from EST and cDNA data (Supplemental Fig. S15; Modrek
et al. 2001; Nakao et al. 2005).

Discussion

To study the functional impact of alternatively spliced protein
isoforms, it is critical to track precise differences in protein isoform
sequences and link such variations to the upstream explanatory
mechanisms. However, it is challenging to systematically
characterize the full interplay between genomic and proteomic
variations, which hinders discoveries of novel biological variations
represented in long-read RNA-seq data. We developed Biosurfer, a
computational approach, available as a Python package, that sys-
tematically extracts protein isoform sequence variations while
maintaining the explicit links to their underlying transcriptional
and posttranscriptional mechanisms.

To demonstrate the utility of Biosurfer, we characterized pro-
tein isoform differences across an annotated (GENCODE) and
long-read RNA-seq predicted proteome. Using Biosurfer’s
interlinked transcript, codon, and protein data structures, we
determined the upstream mechanisms explaining isoform alter-
ations, uncovering notable complexity. First, we confirmed past

observations of alternative transcription underlying most N-termi-
nal variations (Reyes and Huber 2018), and most internal protein
sequence differences arising from single splicing events, such as
exon skipping (Wang et al. 2008). However, our study goes beyond
these known trends. Biosurfer can track in detail the patterns of co-
dons flanking altered protein regions, and we systematically enu-
merated such split codon patterns that change the encoded AA
residue identity and thus contribute to the variation of AA resi-
dues. We also used Biosurfer to systematically annotate an unusual
frameshift pattern, which involves successive reading frame shifts
that lead to a change in protein regions that is entirely internal to
the protein, referred to here as “snapback” frameshifts. And last,
C-terminal differences are primarily splice-driven or frameshift-
driven, and highly truncated alternative isoforms from frameshifts
are underrepresented in GENCODE annotations but not in an ex-
perimentally proteome predicted from long-read RNA-seq data.

Related to the comparison of proteins, we had to designate a
“reference” isoform, although the biological role of most isoforms
is unknown (Yang et al. 2016; Reixachs-Solé and Eyras 2022), and
thus representative isoforms are chosen depending on the assump-
tions and goals of the research community (The UniProt
Consortium 2017; Pozo et al. 2022).

Biosurfer analyses rely on user-defined protein isoforms. Only
canonical start and stop codons are assumed, unless noncanonical
sites are annotated in a reference proteome (Mudge et al. 2022) or
the user. Determination of the biologically relevant ORF remains
an ongoing challenge. Many ORF callers like transdecoder,
CPAT, GMST, and others predict ORFs, relying on heuristics and
common features of translation, which may not be the rule in ev-
ery case. Currently, the prediction of proteins from deep coverage
long-read RNA-seq data rely on heuristics, such as prioritizing
ORFs from an alternative isoform that share the same start AUG co-
don with the reference, or selection of the most 5’ proximal AUG
(Tang et al. 2020; Miller et al. 2022), whereas others have devel-
oped computationally efficient scoring strategies that rank more
highly the ORFs with most protein similarity to the reference
(Varabyou et al. 2023a,b). To provide more reliable ORF annota-
tions, experimental approaches like Ribo-seq demarcate novel cod-
ing regions, including sites of noncanonical translation, which
might be information that could be incorporated in proteoge-
nomic workflows (Mudge et al. 2022; Leblanc et al. 2024).
Furthermore, newly reported ORF annotations could also reveal
cases of short ORFs, such as upstream ORFs (uORFs), that are spe-
cific to one but not another transcript and might explain certain
patterns we observed such as the SUS pattern. Note that
Biosurfer currently assumes a single ORF per transcript and does
not handle multiple ORFs within the same transcript (i.e., bicis-
tronic transcripts). Despite these limitations, Biosurfer could still
be used as a general purpose ORF comparison tool, and one could
compare one ORF of a transcript, including uORFs, to an ORF of
another transcript. Overall, more options for ORF comparisons
should be developed as ORF annotations mature.

Our first version of Biosurfer proposes a new framework for a
detailed comparison of protein isoforms, a first step toward infer-
ring their functional consequences in health and disease.

Software availability

The Biosurfer code is publicly available at GitHub (https://github
.com/sheynkman-lab/biosurfer). The scripts necessary to repro-
duce the results presented in this manuscript can be accessed in
a separate GitHub repository (https://github.com/sheynkman-
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lab/biosurfer_analysis). All necessary code files, including the
Biosurfer source code and analysis scripts, are included as
Supplemental Code files to ensure accessibility. All necessary
input, intermediate, and final output files from the Biosurfer anal-
ysis are available at Zenodo (https://doi.org/10.5281/zenodo
.13243233) and as Supplemental Data.
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