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Abstract

Post-translationally spliced peptides have recently garnered significant interest as potential targets 

for cancer immunotherapy and as contributors to autoimmune diseases such as type 1 diabetes, yet 

feasible identification methods for spliced peptides have yet to be developed. Here we present 

Neo-Fusion, a search program for discovering spliced peptides in tandem mass spectrometry data. 

Neo-Fusion utilizes two separated ion database searches to identify the two halves of each spliced 

peptide, and then it infers the full spliced sequence. This strategy allows for the identification of 

spliced peptides without peptide length constraints, providing a broadly applicable tool suitable for 

identification of spliced peptides in a variety of systems, such as the HLA-I and HLA-II 

immunopeptidomes and in vitro digested protein samples obtained from organelles, cells, or 

tissues of interest. Using simulated spliced peptides to benchmark Neo-Fusion, 25% of all 

simulated spliced peptides were identified at a measured false-discovery rate of 5% for HLA-I. 

Neo-Fusion provides the research community with a powerful new tool to aid in the study of the 

prevalence and biological significance of post-translationally spliced peptides.
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INTRODUCTION

Neoantigens are in vivo-expressed antigen peptides to which the immune system has not 

previously been exposed. The presentation of neoantigens on cell surfaces allows the 

immune system to recognize and destroy the neoantigen-presenting cells. These processes 

have important consequences in cancer immunotherapy,1 as well as in autoimmune diseases 

like type 1 diabetes.2 The ability to identify neoantigens is thus of paramount importance for 

both understanding and controlling immune responses. The two main approaches to identify 

neoantigens are nucleic acid sequencing and mass spectrometry. While nucleic acid 

sequencing is able to reveal genetic variations from which possible neoantigens may be 

inferred, it does not provide direct information on the molecules that are actually expressed, 

the levels at which they are presented, nor the nature of post-translational modifications 

(PTMs) that may be present, all of which contribute to immunogenicity.3 Mass spectrometry 

(MS), in contrast, is able to provide such information, but is limited in its current 

capabilities.4 In particular, recent developments have highlighted the possible role of 

proteasome-generated spliced peptides (PSPs) in immune recognition, which are challenging 

to identify by MS. It has been reported that the proteasome, widely known for digesting 

proteins into peptide fragments, can ligate such fragments together to form novel peptide 

sequences not otherwise found in the proteome (i.e., neoantigens).5 These PSPs can occur as 

either cis- or trans-PSPs, where the two halves originate from either the same protein or 

from two distinct proteins, respectively.6 To date, several such post-translationally spliced 

peptides have been identified in vivo, and many were reported to be immunogenic.2,5,7–16

New tools are needed to comprehensively identify such post-translationally spliced peptides 

in complex samples. Mass spectrometry is currently the premier strategy for peptide 

identification, but it is largely reliant on prior knowledge of the proteome, such as canonical 

databases or spectral libraries. No such resources exist for post-translationally spliced 

peptides, making their detection and identification diffcult. Nonspliced peptides reflect the 

linear sequence of their respective parent protein, but post-translationally spliced peptides 

result from the fusion of two distinct sequences, thereby blinding traditional proteomic 

database searches to their existence. De novo proteomics can be employed to obtain a 
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putative peptide sequence, but de novo identification significantly underperforms in 

comparison to database searches when applied to complex mixtures such as the 

immunopeptidome.17 Liepe et al. sought to determine the prevalence of PSPs in the human 

leukocyte antigen class I immunopeptidome (HLA-I-Ip) by identifying cis-PSPs. In their 

approach, a massive database of theoretical cis-PSPs was generated through in silico splicing 

of all known human canonical protein sequences. This strategy suffered from several 

limitations. The large size of the cis-PSP database necessitated substantial search times and 

possibly an underestimated false discovery rate (FDR) arising from sequence similarities 

between nonspliced peptides and PSPs.18 The approach was unable to identify trans-PSPs, 

as the combinatorics of generating all possible trans-PSPs are even more substantial than 

those for generating all possible cis-PSPs. To reduce the issue of database inflation in the 

cis-PSP database, Liepe et al. also limited their search to only peptides 9−12 residues in 

length, which excluded a substantial fraction of the HLA-I-Ip and prevented the extension of 

the study to HLA-II antigens, which are typically longer than HLA-I antigens and have a 

broader distribution of lengths.

Here we present Neo-Fusion, an open-source, publicly available program for the detection 

and identification of spliced peptides such as PSPs. Neo-Fusion rapidly discovers spliced 

peptides using a traditional database size and a confidence threshold obtained through 

comparisons with nonspliced peptides, allowing for the identification of cis-spliced peptides 

without any length constraints. Neo-Fusion works by using separate ion-type database 

searches of MS spectra to identify both halves of a spliced peptide and then splicing the two 

halves together in silico. Using simulated PSPs generated from real data, Neo-Fusion was 

able to identify approximately one-quarter of all simulated cis-PSPs at a 5% FDR. Analysis 

of MS data from an HLA-I-Ip, an HLA-II-Ip, and trypsin-digested proteins from mouse 

islets indicates that an upper limit of 1− 4% of all peptides in these samples are potentially 

spliced peptides. However, it is not generally possible to confirm that these identifications 

truly correspond to spliced peptides, as these identified sequences could derive from other 

sources such as contaminants, genetic variants, protein isoforms, and PTMs. An essential 

part of any search for spliced peptides is the careful evaluation of all candidates and the 

consideration of alternative explanations for their presence in the sample.

METHODS

Data Sets

Neo-Fusion was used to search for spliced peptides in three publicly available data sets 

representing three unique sample types: an HLA-I-Ip, an HLA-II-Ip, and a fractionated 

tryptic digest of whole tissue lysate. Specifically, the datafiles were the HLA-I-Ip of primary 

fibroblast cells originally published by Bassani-Sternberg et al.19 and later analyzed by 

Liepe et al.,6 a single replicate of an HLA-II-Ip for mantle-cell lymphoma,20 and nine MS 

files for a fractionated tryptic digest of B6 mouse pancreatic islet lysate.21 The HLA-I and 

HLA-II associated antigens were previously isolated through immunoaffinity purification of 

HLA-I and HLA-II followed by antigen elution. The tryptic peptide sample was previously 

prepared by in vitro enzymatic digestion of proteins. In each sample, the peptides were 

analyzed via high pressure liquid chromatography and tandem mass spectrometry (HPLC-
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MS/MS). Additional information on the sample preparations and analyses of these datafiles 

can be found in their original manuscripts. HLA-I-Ip and HLA-II-Ip files were searched 

against a UniProtKB/Swiss-Prot.xml protein database of Homo sapiens accessed December 

12, 2017. The tryptic files were searched against a UniProtKB/ Swiss-Prot.xml protein 

database of Mus musculus accessed November 1, 2016. All mass spectrometry files were 

calibrated prior to analysis using MetaMorpheus (version 0.0.276).22 Global-PTM-

Discovery23 in MetaMorpheus was conducted to inform the database of common PTMs and 

prevent modified nonspliced peptides from being erroneously assigned as spliced peptides.

Neo-Fusion

Neo-Fusion (https://github.com/zrolfs/MetaMorpheus/tree/Neo-Fusion) employs a two-part 

algorithm comprised of (a) two separate database searches to identify the parent peptides 

followed by (b) in silico splicing of these parent peptides to generate spliced peptide 

candidates. For higher-energy collisional dissociation (HCD), the N-terminal ion database 

consists of b-ions, while the C-terminal ion database consists of y-ions. Traditional database 

searches compare the experimental spectra with theoretical spectra, wherein theoretical b- 

and y-ions are generated in silico from a database of expected peptide sequences. In contrast, 

Neo-Fusion utilizes two separate databases, one for each terminus, containing only the ion 

series originating from the given terminus (e.g., b- or y-ions, Figure 1A). Each database 

serves to produce a single parent peptide for its respective terminus (Figure 1B). 

Furthermore, Neo-Fusion employs open mass searches that ignore precursor masses, in 

contrast to traditional searches that require theoretical and experimental precursor masses to 

match within a narrow tolerance. Open mass searches are necessary for the Neo-Fusion 

search algorithm, because the two parent peptides giving rise to a spliced peptide rarely, if 

ever, have the same precursor mass as the spliced peptide itself. Recent advances in indexed 

search methods have made open mass searches feasible on a reasonable time scale.24 Note 

that the aim of these searches is strictly to identify the parents of spliced peptides. Spectra 

that match to nonspliced sequences are still considered as possible spliced peptide spectra 

and are not discarded. The indexed, open mass, separate ion database searches are conducted 

in Neo-Fusion using the Morpheus scoring algorithm.25 To aid in the identification of each 

terminus, complementary ions are added to the experimental spectra, and peaks with a mass 

below 600 Da are doubly weighted to more significantly impact the score near the termini. 

The highest scoring peptide from each separate ion database search for each spectrum is 

saved, such that each spectrum now possesses two parent peptides.

After the separate ion database searches have identified the two parents of a spliced peptide, 

Neo-Fusion attempts to determine the complete spliced sequence through in silico splicing 

of the two parents. Every theoretical spliced product of the two parent peptides is evaluated 

as to whether its total mass matches that of the observed precursor mass within a reasonable 

mass tolerance (Figure 1C). Every spliced product that possesses the same precursor mass as 

the observed spectrum is recorded as a possible spliced candidate. Experimental spectra 

where the precursor mass cannot be obtained from in silico splicing are deemed nonspliced 

peptides. The surviving spliced peptide-spectrum matches (PSMs) are inspected for missing 

experimental fragment ion peaks that may cause sequence ambiguity. Spliced PSMs that 

lack both ion series at any peptide bond are considered ambiguous, and therefore additional 
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spliced sequences are generated that could be equally likely to explain the observed spectra. 

For example, if “PEPQUENCE” does not contain a b1 or a y8 product ion, then 

“EPPQUENCE” will also be generated, provided it can be formed through splicing, because 

both sequences have the same Morpheus score.25 These spliced peptides are considered 

ambiguous, because Neo-Fusion is unable to differentiate the sequence. The generation of 

every ambiguous sequence is achieved by using all possible combinations of the 20 amino 

acids that can both account for the missing fragment(s) and be formed by the splicing of any 

protein(s) in the specified database. Finally, all of the resulting spliced candidate sequences 

are exported in a .FASTA file and searched in a second-pass, traditional database search to 

obtain a Morpheus score25 that indicates how well the spectrum matches the spliced peptide 

sequence as a whole.

Confidence Measurements

Traditional proteomics is largely dependent on the target-decoy approach to FDR 

determination. The target-decoy approach assumes that any spectrum that is incorrectly 

assigned has an equal probability of being assigned as a target or decoy peptide. This 

enables the count of decoy matches at any score threshold to serve as a proxy for the count 

of false-positive target assignments. However, this target-decoy strategy is challenging to 

employ in the analysis of spliced peptides for two reasons. First, peptide splicing is not yet 

predictable. Therefore, attempts to construct a target database of spliced peptides are prone 

to missing actual spliced peptides and to containing spliced peptides not present in the 

sample. This stands in contrast to traditional target protein databases, which are constructed 

from previously curated and validated protein sequences. Second, we have found that 

strategies for producing spliced peptide databases yield many sequences that have similar 

precursor masses and fragmentation patterns to existing nonspliced sequences. Target 

spliced peptides are derived from the splicing of nonspliced sequences and are thus often 

very similar to one of their nonspliced parents. These sequence similarities arise through a 

variety of isobaric amino acid permutations and substitutions (Table 1). The target-decoy 

approach struggles to distinguish between such similar sequences, which are hundreds of 

times more frequent when searching for spliced peptides than nonspliced peptides alone 

(Table 1). It has been observed that over 95% of nonspliced PSMs can be assigned a similar, 

incorrect sequence that scores greater than or equal to the correct sequence, and this was 

found to be independent of the mass spectrometer or search algorithm used.26 The large 

number of sequence similarities introduced into the search space by spliced peptides results 

in a substantial problem of nonspliced peptide spectra being incorrectly assigned as spliced 

peptides with comparable or better scores. This is further compounded by nonspliced 

peptide spectra that are absent from the search space, such as peptides containing PTMs, 

single amino acid variants, or peptides outside of the specified amino acid length constraints. 

When such variant peptides are present in the sample but not in the search space, they 

provide likely targets for misidentification (i.e., false positives).

The sequence similarity problem, as we have just described, is a challenge to the correct 

identification of spliced peptides in complex samples. This problem grows by orders of 

magnitude when analyzing immunopeptidomes. HLA-I/II antigens are generated by 

proteasomal or lysosomal degradation of intact proteins, respectively,27 and neither process 
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is known to possess specific digestion motifs. Without established methods to predict 

digestion, proteins can be cleaved at any available residue. The lengths of these peptides 

vary, but they are typically 8−16 amino acids for HLA-I-associated antigens and 8−25 amino 

acids for HLA-II-associated antigens. This is an extraordinary diversity of sequences, which 

are diffcult to navigate even when one does not consider splicing. Once splicing is 

introduced, there is an additional ∼300-fold increase in search space when constraining the 

search to only cis-spliced peptides possessing intervening sequences of 1−25 amino acids.6 

The resulting database expansion makes such searches particularly diffcult.

Neo-Fusion avoids the problems that arise from a target-decoy based FDR by using a set of 

heuristic thresholds that reduces the number of reported false-positive spliced peptide 

discoveries. This is achieved through a recursive loop that aims to maximize the number of 

reported spliced peptides at an estimated false-positive rate (Figure 2). The heuristic 

considers four parameters: a minimum required score difference (delta score) between the 

highest scoring spliced and nonspliced sequence for each spectrum, a maximum nonspliced 

q-value required for spectra to be assigned as gold standard nonspliced spectra, a minimum 

allowed spliced peptide score, and a maximum allowed false-positive rate. In the first round 

of the computation, the minimum delta score and maximum nonspliced q-value are 

arbitrarily chosen. Each spectrum that has a delta score lower than the chosen minimum is 

considered nonspliced and ignored for the remainder of the round. This helps to mitigate 

incorrect spliced peptide assignments by increasing the score necessary for a spliced 

sequence to compete with a nonspliced sequence. Every spectrum with a nonspliced q-value 

lower than the chosen maximum q-value has its spliced sequence marked as a false positive 

(Figure 3). The assumption is that spliced sequences matching to confident nonspliced 

peptide spectra must be incorrect spliced assignments. The minimum allowed spliced 

peptide score for the round is simply the lowest gold standard nonspliced peptide score. 

Having now removed nonspliced spectra and assigning incorrect sequences as false 

positives, all spectra are sorted in decreasing order by the spliced peptide score for each 

spectrum. Moving down the list of spectra, the ratio of marked false positives to true 

positives is calculated. This calculation stops when either the percentage of false positives to 

true positives reaches the maximum allowed false-positive rate (e.g., 1%) or the spliced 

score dips below the minimum allowed spliced score threshold. The number of putative true 

positives is then tallied. The entire process is repeated with alternative values for the 

minimum allowed delta score and the maximum nonspliced q-value for gold standard 

assignments until the number of true positives is maximized. This optimization is achieved 

by iterating through the discrete q-values, between 0 and 0.05, observed for the nonspliced 

PSMs. Each discrete q-value is tested with every minimum allowed delta score between 1 

and 5, with allowed score intervals of 0.5 (1.0, 1.5, 2.0, …, 4.5, 5.0). The combination of q-

value and delta score that produces the most putative true positive spliced peptide at a 1% 

false-positive rate is selected to yield the optimized parameters. The optimized parameters 

for all reported runs can be found in Table S1.

Neo-Fusion required 11 h to complete all Neo-Fusion tasks for the HLA-I file (44075 

MS/MS spectra) when running on a 4-core, 16 GB RAM workstation. The uncompressed 

Neo-Fusion software requires 17 MB of disk space, and the output generated from Neo-

Fusion for the HLA-I file required 1.8 GB of disk space for the results and 6.8 GB for the 
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theoretical fragment ion indexes used to decrease subsequent search times. The indexes are 

partitioned, such that the entire database does not have to be in active memory at once. This 

enables Neo-Fusion to be useable on low RAM workstations.

RESULTS AND DISCUSSION

Neo-Fusion’s ability to confidently discover spliced peptides in complex HLA-I-Ip, HLA-II-

Ip, and tryptic samples was benchmarked by simulating spliced peptides in silico within the 

reference database for each sample. These simulations were accomplished by using a 

traditional database search to confidently identify nonspliced peptides in each sample. A 

subset of these nonspliced sequences were then randomly selected, cleaved in silico at a 

random residue specific to each peptide, and a resulting half of each sequence was shifted a 

random number of residues (1−25) within the original protein sequences in the reference 

database (Figure S1). This process effectively removed the linear nonspliced peptide 

sequences from the database and generated proteins containing the two halves of each 

spliced peptide. The use of such simulated spliced peptides allowed us to search real 

experimental spectra, instead of simulated spectra, and know a priori which spectra 

correspond to “spliced peptides” of known sequences. MetaMorpheus (version 0.0.276) was 

used to identify nonspliced peptides at a 1% FDR. We replaced 5% of these confidently 

identified nonspliced peptides at random with simulated spliced peptides, based upon a 

reported upper limit of 2−6% of the HLA-I-Ip being comprised of cis-spliced peptides.18 

This process was repeated 20 times with different subsets of confident peptides to produce 

simulation replicates spanning the breadth of all identified peptides. These spliced peptide 

simulations were conducted for each of the three sample types, effectively generating 20 

replicates per sample wherein a subset of observed spectra corresponded to “spliced 

peptides” and whose correct sequences were known.

The results of the benchmark simulation are shown in Table 2. For the HLA-I-Ip datafile, 

4450 unique nonspliced peptides were identified by MetaMorpheus at a 1% FDR and used 

in the simulation. Overlapping peptide sequences were not included in the simulations, such 

that the actual number of unique nonspliced peptides identified is higher than 4450. 222 

unique spliced sequences (5%) were simulated for each of the 20 replicates. Across all 

replicates in the HLA-I-Ip simulation, an average of 55.5 simulated cis-spliced peptides 

were correctly identified in each replicate, indicating that Neo-Fusion has a true-positive rate 

of 25% for HLA-I cis-spliced peptides. Using the known sequences of the simulated spliced 

peptides, we were able to evaluate Neo-Fusion’s false-positive rate. Roughly 5% of the 25% 

of spliced peptides found were assigned an incorrect sequence, indicating a reasonable FDR 

of 5% for cis-spliced peptide identification. This means that if a spliced peptide exists in the 

sample and Neo-Fusion identifies it as spliced, then there is a 5% chance that an incorrect 

spliced sequence will be assigned to it. The benchmark FDR is not a measure of how many 

nonspliced peptides were incorrectly assigned as spliced, as we do not know a priori which 

peptides were spliced in vivo. The FDR measured for HLA-II cis-spliced peptides was found 

to be 0%, which we attribute to the low number of simulated spliced peptides introduced 

into the sample. If the number of peptides present in the sample had been similar to that of 

HLA-I or the trypsin fraction, then we would expect an observed cis-spliced FDR closer to 

5%.
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Table 2 additionally displays simulated spliced peptide results from Neo-Fusion searches 

allowing both cis- and trans-spliced peptides. Note that when searching for trans-spliced 

peptides, Neo-Fusion does not differentiate between cis and trans. Therefore, we were able 

to use the same simulated cis-spliced peptides to benchmark both cis- and trans-spliced 

peptides. The difference when searching for both cis and trans, compared to cis only, is a 

greatly increased search space, because the two parent peptides can now originate from 

multiple unique proteins. A consequence of this greater search space is a substantial increase 

in FDR compared to searching for cis only. While cis-spliced peptides had an observed FDR 

of 5%, trans-spliced peptides had substantially higher and more varied FDRs. Thus, 

searching for both types of spliced peptides can decrease the number of spliced discoveries 

when applying a confidence threshold, as observed for the HLA-I-Ip datafile. The extremely 

large number of possible trans-spliced sequences yields false-positive conditions similar to 

those observed for de novo peptide sequencing, making trans-spliced FDRs particularly 

diffcult to estimate.17 The high FDRs observed across all sample types for trans-spliced 

peptides indicate that Neo-Fusion is largely unable to identify trans-spliced peptides. The 

roughly 5% FDR observed for cis-spliced peptides is more manageable, and true positives 

can be confirmed using additional heuristics such as retention time prediction28 and 

fragment ion intensity prediction models.29 Therefore, the Neo-Fusion algorithm and 

software reported herein provide a broadly applicable method for the identification of cis-

spliced peptides.

We compared Neo-Fusion’s ability to identify cis-spliced peptides with the state-of-the-art 

de novo peptide sequencing tool PEAKS 8.5.30 In the HLA-I sample, Neo-Fusion was able 

to identify 25% of simulated cis-spliced peptides at a roughly 5% FDR. PEAKS auto de 
novo sequencing software was used to generate five candidate sequences for each spectrum 

in the HLA-I sample using the following parameters: “Parent Mass Error Tolerance”: 10 

ppm, “Fragment Mass Error Tolerance”: 0.02 Da, “Enzyme”: None, “Fixed Modifications”: 

Carbami-domethylation 57.02, “Variable Modifications”: Oxidation (M) 15.99. Only 

sequences with a minimum local confidence score over 80 for every amino acid position 

were kept.18 PEAKS results for spectra that were not used in the simulation were discarded. 

PSMs were assigned as correct if any of the five sequences matched the simulated spliced 

peptide and otherwise were marked as incorrect. Isoleucine and leucine were considered 

identical for this comparison. The PSMs were then sorted by average local confidence 

(ALC) from highest to lowest, and an FDR cutoff was drawn where 5% of results did not 

agree with the known simulated sequences (ALC = 93.89%).17 Using this method, PEAKS 

identified 20.1% of all simulated spliced peptides at a 5% FDR, whereas Neo-Fusion was 

able to identify 25.0% of all simulated spliced peptides at a similar FDR.

Comparison of the Neo-Fusion and PEAKS results showed a 41% overlap in the identified 

sequences; thus using both programs together yielded a total of 37% of the simulated spliced 

peptides present. The different results between these two methods can be largely attributed 

to the product ions used for scoring. Neo-Fusion uses the Morpheus score, which only 

counts b- and y-ions for HCD fragmentation.25 Although PEAKS searches for b- and y-ions, 

it also considers additionally ion types (a, b-H2O, b-NH3) for its scoring function.30 The 

current dependence of Neo-Fusion on the Morpheus score heavily favors spliced peptide 

spectra with more b- and y-ions for HCD or c- and z-ions for electron-transfer dissociation 
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(Figure 4). Indeed, only 4% of the Neo-Fusion identified simulated spliced peptides had 

fewer than 12 combined b- and y-ions. When comparing the Neo-Fusion and PEAKS results 

for spectra that had 12 or more combined b- and y-ions, there is a better agreement with a 

72% overlap in the identified sequences.

Having shown that Neo-Fusion is effective at identifying cis-spliced peptides in complex 

samples, we searched for real spliced peptides in the HLA-I-Ip fibroblast data. This file was 

previously reported by Liepe et al. to have over one-fourth of its immunopeptidome 

comprised of PSPs,6 and the list of previously identified PSP PSMs (LM_PSPs) was kindly 

provided by the authors (Table S2). Using Neo-Fusion, we were largely unable to reidentify 

the previously reported LM_PSPs. To ensure this was not an issue with Neo-Fusion, we 

appended the LM_PSPs directly into the reference database and conducted traditional 

database searches. Using MetaMorpheus22 and X! Tandem31 searches, we were still unable 

to reidentify the LM_PSPs. The observation that multiple other search engines were unable 

to reidentify these with similar search spaces suggests that many of these reported PSPs are 

likely incorrect.18,32,33 The inability to reidentify these LM_PSPs has been previously 

reported for the HLA-I fibroblast data.18

We further investigated the LM_PSPs using the SSRCalc web-based retention time 

prediction software (version Q) to observe whether the predicted hydrophobicity indexdees 

(HIs) for the reported PSPs correlate well with their observed retention times (RT).28 

Reverse-phase HPLC, which separates peptides based on their affinity to a hydrophobic 

stationary phase, was used prior to MS/MS.19 We can therefore expect that the predicted HIs 

should strongly correlate with the observed RTs, and we find that the reported nonspliced 

peptides confirm such a correlation (Figure 5A). However, the LM_PSPs appear to largely 

deviate from the narrow range observed for the nonspliced peptides (Figure 5B). Rather, the 

LM_PSP distribution resembles the distribution of known false-positive decoy peptides 

(Figure 5C), suggesting that the LM_PSPs themselves are largely false-positive PSPs. A 

fraction of the reported PSPs do possess expected HIs for their RTs, but these can largely be 

explained as close sequences with similar HIs and fragmentation spectra. As additional 

evidence against the LM_PSPs, the HLA-I binding motifs34 observed between the LM_PSPs 

and the reported nonspliced peptides appear to disagree (Figure 5D−F).18 HLA-I antigens 

are well-known to bind to HLA-I at the N2 and C1 anchor residues (Figure 5D).35 The LM-

PSPs display a weaker C1 specificity and a complete absence of N2 specificity compared to 

the nonspliced peptides. Finally, we were able to reassign nearly half of the LM_PSPs to 

nonspliced sequences at a 1% FDR (Table S2).22 Most of these nonspliced sequences were 

missed in the Liepe et al. analysis because of a smaller search space compared to that used 

here.33 Specifically, we both allowed a greater distribution of peptide lengths (8−16 amino 

acids instead of 9−12) and included oxidized methionine and other common PTMs 

identified in the samples with Global-PTM-Discovery.23 Many of the reassignments are 

similar sequences that are present in the reference database and can be easily misassigned.26 

The reassigned PSMs possess superior HI fidelity and better fit the HLA-I binding motifs 

observed for the previously reported nonspliced identifications, suggesting that these are 

correct reassignments (Figure S2).
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Neo-Fusion identified a modest number of peptides that could be explained by cis-splicing 

in each of the three sample types (Table 2 and Tables S3−S5). These Neo-Fusion identified 

cis-spliced peptides have well-behaved retention times for their predicted hydrophobicities 

(Figure S3), with an expected number of outliers when considering the FDRs found in the 

benchmark experiment (Table 2). The number of identified cis-spliced peptides, when 

accounting for the false-negative rate found in the benchmark simulation experiment, is 

consistent with a previous upper limit estimate that 2−6% of the HLA-I-Ip is comprised of 

cis-PSPs.18 A larger number of trans-spliced peptides were identified by Neo-Fusion, but 

these were generally more ambiguous than the cis-spliced peptides and presumably suffer 

from the high FDRs observed in the benchmark simulation experiment (Table 2 and Tables 

S6− S8). Nevertheless, the RTs observed for these trans-spliced sequences are remarkably 

close to those expected for their predicted HIs (Figure S3).

In the tryptic digest of proteins from mouse islets, Neo-Fusion identified roughly 2% of all 

observed peptides as being explainable through cis-splicing events. This seems to be an 

unreasonable result, as the specific sample had been prepared using the filter-aided sample 

preparation protocol,36 in which small, endogenous peptides are removed by passing 

through a 30 kDa molecular weight cutoff filter prior to tryptic digestion. Therefore, if 2% of 

all identified peptides were indeed spliced peptides, then that would suggest that an 

unreasonable number of intact proteins, instead of peptides, are spliced in vivo. In pursuit of 

other explanations for these possibly spliced sequences, we expanded our nonspliced search 

space using the unreviewed UniProtKB/TrEMBL database, some common contaminant 

proteins, and Global-PTM-Discovery.23 Addi-tionally, liberal search conditions were used 

that allowed for semi-tryptic digestion, three missed cleavages, any peptide length greater 

than five amino acids, and an expanded precursor mass tolerance of 10 ppm. With this 

increased search space, we found that over 60% of the supposedly spliced sequences could 

be explained as less well-documented nonspliced peptides (Table S5 and Table S8). This 

illustrates how Neo-Fusion, while able to identify putative spliced sequences, cannot 

determine sequence origin definitively. The Neo-Fusion reported sequences may be 

proteasome-generated spliced peptides, but other possible explanations for these sequences 

include proteins that are unannotated in UniProtKB/Swiss-Prot, alternative RNA-splicing, 

chromoso-mal rearrangements, and single amino acid variants.37 This uncertainty 

necessitates that putative spliced peptide sequences be confirmed by follow-up validation 

experiments to be certain of their origins. One such method might be through in vitro 
proteasomal degradation assays.38 In the absence of such validation, putative spliced 

sequences identified by Neo-Fusion or other strategies should be regarded merely as 

hypotheses rather than as unambiguous findings.

At present, given the wide variety of possible sources for apparently spliced sequences in 

complex proteomic samples, it is not possible to definitively determine the prevalence of 

spliced peptides in biology. Rather, as indicated previously by Mylonas et al.,18 we can only 

place an upper limit, in the range of 1−4%, on their frequency. Future work will focus on 

automated methods to validate the putative spliced sequences discovered by Neo-Fusion. 

The use of predicted hydro-phobicity in comparison to retention time,39 predicted binding 

affinity for HLA-I antigens,35 spectral libraries,40 and machine learning predicted 
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fragmention intensities29 are all promising developments to reduce the false-positive rate 

and improve the sensitivity of spliced peptide discovery.

CONCLUSIONS

The identification of spliced peptides in complex samples is a fascinating challenge with 

important implications in funda-mental biology, autoimmune responses, and cancer 

immuno-therapy. Standard database search strategies used for peptide identification are 

ineffective for spliced peptide analysis, because of the combinatorial explosion in search 

space size caused by the relatively unconstrained nature of the spliced peptide sequences 

considered. We present an algorithm for the identification of spliced peptides in MS data 

obtained from complex biological samples. This algorithm was implemented in the software 

program Neo-Fusion, and the software’s performance was benchmarked through the 

detection of simulated spliced peptides in real-world data. We were able to detect 25% of 

such simulated cis-spliced peptides at an FDR of roughly 5%. In the selected HLA-I-Ip 

sample, Neo-Fusion found that approximately 1% of identified peptide sequences could be 

explained as cis-spliced peptides. Neo-Fusion is written in the C# programming language, is 

open-source, and is publicly available at https://github.com/zrolfs/MetaMorpheus/tree/Neo-

Fusion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

PTM post-translational modification

MS mass spectrometry

PSP proteasome-generated spliced peptide

HLA-I/II-Ip human leukocyte antigen class I or class II 

immunopeptidome

FDR false discovery rate

HPLC-MS/MS high pressure liquid chromatography and tandem mass 

spectrometry

HCD higher-energy collisional dissociation

PSM peptide-spectrum match
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ALC average local confidence

LM_PSPs spliced peptides reported by Liepe et al

HI hydrophobicity index

RT retention time
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Figure 1. 
Workflow of the database search algorithm used to identify spliced peptides. (A) Two 

separate databases are generated containing only N-terminal ions or C-terminal ions. (B) 

Experimental spectra are compared against both databases in an open mass tolerance search, 

and the highest scoring match from each search is recorded. This example shows an 

experimental spectrum for the spliced peptide “PEP-QUENCE, derived from parent peptides 

“PEPTIDE” and “SEQUENCE”. Both parents are identified from the separate ion database 

searches. (C) The two parent peptide assignments have different precursor masses than the 
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experimental spectrum, and in silico splicing is used to identify the full spliced sequence. 

This is accomplished through a narrow mass tolerance comparison between the observed 

precursor mass and all theoretical spliced precursor masses that can be obtained from the 

two parents.
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Figure 2. 
Flowchart showing the heuristic determination of confidence thresholds for spliced peptide 

discoveries. The inputs required for this heuristic determination are the highest scoring 

spliced and nonspliced sequences for each spectrum, which are identified by Neo-Fusion 

through separate spliced and nonspliced searches.

Rolfs et al. Page 17

J Proteome Res. Author manuscript; available in PMC 2020 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Example comparison of Neo-Fusion and nonspliced results. Green rows indicate spectra 

where the delta score was below an arbitrary threshold, so a nonspliced sequence was 

assigned. Blue rows show where Neo-Fusion generated a high scoring spliced sequence that 

better explained the spectrum than a low-confidence nonspliced peptide. Red rows are false 

positives where a spliced sequence outscored a gold standard nonspliced sequence. The 

minimum delta score and minimum gold standard score for this example are 1.5 and 10, 

respectively. *The nonspliced sequence “TGADAGRLC” contains a formylated threonine.
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Figure 4. 
Distribution of Morpheus scores (the sum of b- and y-ions) for all simulated spliced peptides 

from the HLA-I datafile and for simulated spliced peptides identified by Neo-Fusion and 

PEAKS.
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Figure 5. 
Comparison of peptide identifications previously reported by Liepe et al. for HLA-I-Ip of 

primary fibroblasts. (A) Nonspliced identifications show tight correlations between SSRCalc 

predicted HI and observed RT. (B) LM_PSPs show a weak correlation between HI and RT, 

indicating an underestimated FDR. (C) Known false positive PSMs are displayed to 

visualize the poor correlation between HI and RT for incorrect identifications. The false 

positives PSMs are the top scoring decoys from a MetaMorpheus search, where the number 

of decoys plotted is equal to the number of LM_PSPs. (D) The nonspliced sequences have 

common residues at the N2 (#2) and C1 (#9) anchor positions where the antigens bind to 

HLA-I. The LM_PSPs (E) and decoy identifications (F) display a weaker C1 specificity and 

an absence of N2 specificity.
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