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Abstract

Neuropeptides and peptide hormones are signaling molecules produced via 

complex post-translational modifications of precursor proteins known as 

prohormones. Neuropeptides activate specific receptors and are associated with 

the regulation of physiological systems and behaviors. The identification of 

prohormones--and the neuropeptides created by these prohormones--from 

genomic assemblies has become essential to support the annotation and use of the

rapidly growing number of sequenced genomes. Here we describe a methodology

for identifying the prohormone complement from genomic assemblies that 

employs widely available public toolsets and databases. The uncovered 

prohormone sequences can then be screened for putative neuropeptides to enable 

accurate proteomic discovery and validation.

Key Words: Neuropeptide, Prohormone, Homology, Bioinformatics, Cleavage, 

Gene prediction

1 Introduction

The increased speed and decreased cost of genomic sequencing has revolutionized 

neuropeptide identification from primarily experiment-driven discovery to 

bioinformatics-driven genomic searches. Currently, the number of sequenced 

genomes exceeds the number of species that have at least one experimentally 
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confirmed prohormone and neuropeptide. The advances in genomics also enable 

neuropeptide discovery to extend beyond the specific experimental system being 

investigated, such as a defined tissue or developmental stage. We have developed 

a bioinformatics toolset that can be used to uncover neuropeptides in a broad 

range of organisms, and to predict multiple putative novel neuropeptides that have 

not been previously characterized, even in well-studied species. 

The challenge in using genomic data to discover neuropeptides stems from the fact 

that one neuropeptide gene encodes multiple neuropeptides within a larger 

precursor protein, or prohormone. Prohormones undergo post-translational 

enzymatic cleavage and further chemical modifications, resulting in a set of 

shorter neuropeptides [1], all products of the same gene. The bioinformatics

approach to neuropeptide detection follows this biological process, starting with 

the identification of the prohormone sequence in the genome. The characteristic 

features of a complete prohormone protein are: (1) a signal peptide at the N-

terminus that enables the co-translational translocation of the protein into the 

secretory pathway [2], and (2) at least one cleavage site that is recognized by 

endopeptidases that delimits the neuropeptide sequence. 

Our efforts to identify prohormones and neuropeptides across taxa and species 

(e.g., human, mouse, rat, cattle, pig, chicken, song bird, honey bee, flour beetle, 

California sea slug, fish, camelids [3-10]) have enabled us to identify the 

bioinformatics steps that are critical for the accurate identification and annotation 
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of prohormones in genomes. These steps provide reliable prohormone gene, 

protein sequence, and neuropeptide prediction across sequenced genomes, 

regardless of the degree of experimental validation. Our web application 

NeuroPred [11,12] expedites the bioinformatics tasks and has been successfully 

used to predict the putative neuropeptides nested in these prohormone sequences

[7-9,11,13]. We have combined the sequence annotations obtained using 

NeuroPred with other bioinformatics tools into the web portal PepShop [14] to 

facilitate neuropeptide and prohormone discovery and usage in a wide range of 

species. Together they provide important resources for the neuropeptide research 

community.

A major undertaking of the bioinformatics approach for detecting neuropeptides is 

the identification of candidate prohormones in a target species. The availability of 

the species genome is not sufficient by itself for accurate neuropeptide 

identification. Many prohormone genes are predicted using automatized methods

to annotate the genome assembly. However, we have demonstrated that some of 

these prohormone gene predictions encompass inaccurate features due to incorrect 

exon predictions, and some prohormones have been completely missed. In 

addition, few neuropeptides from predicted proteins have been manually or 

empirically confirmed. Accurate prohormone gene prediction also benefits from 

comparative genomics and recognition of sequence similarities between gene 

structures of evolutionarily related species because neuropeptides are highly 

conserved across the metazoans [15]. 
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The prohormone and peptide sequences predicted by our bioinformatics approach 

(Fig. 1) are readily available to support the identification of novel peptide 

sequences that have been experimentally detected. The symbiotic integration of 

bioinformatics predictions with robust mass spectrometry (MS) sequencing

enables identification of candidate and novel peptides [16]. Sensitive and specific 

identification of peptides and their PTMs are essential to the advancement of

neuropeptide research. 

We demonstrated the benefit of integrating our biologically driven informatics 

approach with MS analytics to accurately predict prohormones and neuropeptides 

in the particularly challenging genome of Astatotilapia burtoni, a teleost fish [4]. 

The evolutionary ancestor of A. burtoni underwent a whole genome duplication 

event after the divergence of tetrapods and teleosts [17]. Our systematic 

bioinformatics approach proved to be well-suited for sifting through sequence 

duplications and rearrangements to harvest useful sequence information from 

divergent species. Throughout this chapter, we provide examples of our approach 

by describing the individual steps we used in that work [4] to accurately identify 

and annotate the A. burtoni parathyroid hormone family.
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2 Materials

2.1 Genome assembly of desired species.

The bioinformatic identification of prohormone genes integrates genomic,

transcriptomic, and proteomic information from the genome repository of the 

target species. The genomic data include the nucleic assembly, which is typically 

composed of assembled chromosomes, and scaffolds (genomic sequence 

interspersed with sections of unknown nucleotides) or contigs (contiguous lengths 

of known genomic sequence). Transcriptomic data include RNA and expressed 

sequence tag (EST) sequences, and proteomic data that mainly includes sequences

predicted by automated tools that are used to annotate the genome assembly. The 

National Center for Biotechnology Information (NCBI) [18] and ENSEMBL [19]

are examples of public repositories that archive genome assemblies and genome, 

transcriptome, and protein sequences. These public repositories are regularly 

updated to include the most updated revisions of the genome assemblies and 

sequence predictions.

2.2 Prohormone protein sequences of phylogenetically close species.

Evolutionary relationships are shaped in part by molecular similarities at both the 

DNA and protein levels. Therefore, the prohormone protein sequences of the

phylogenetically related reference species are expected to be structurally and 

functionally similar to the target species. Many of these sequences can also be 
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retrieved from the Universal Protein Resource (UniProt) [20] and NCBI RefSeq

[21] databases, albeit in a less streamlined manner since these databases are not 

dedicated to prohormone sequences. These online resources serve for initial 

prohormone annotation in the target species using cross-species homology. We 

have built libraries of annotated prohormones for a wide variety of species,

including multiple mammalian species, insects, birds, and mollusks, available at 

the NeuroPred [22] and PepShop [14] websites (see Note 1). There are other 

online databases [23-25] that also include prohormone information.

2.3 Bioinformatic tools.

Essential tools for finding cross-species sequence similarities include routines and 

software for sequence alignment. Foremost examples of these tools are the Best 

Linear Alignment Software Tool (BLAST) [26] for pair-wise alignment of a 

sequence to database sequences, CLUSTAL Omega [27] for multiple sequence 

alignment, and GeneWise [28] for gene prediction from nucleotide sequences.

These web-based tools are highlighted because they are regularly updated, do not 

require local installation, and outputs can easily be shared, reproduced, and 

replicated. Additional desirable features of bioinformatic toolsets are enhanced 

functionality that simplify the steps and allow easy transfer of the output from one 

program to serve as input for another program. The bioinformatics demonstration 

described below uses NCBI databases and tools because of their comprehensive 
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scope and ease of integration. These resources will be complemented with 

CLUSTAL Omega and GeneWise.

2.4 Spreadsheet and text editor applications to record findings.

Gene/protein databases provide important information, notably prohormone gene

names, gene locations, and complementary database accession number identifiers

that need to be stored for each prohormone gene. The application selected to hold 

this sequence information must support the addition or update of fundamental 

information and addendum notes, multifactorial search, and reordering of current 

information, all within a table format. These features enable the rapid discovery of 

previously located prohormone genes and entry of new genes and similar genes. 

Most open-source or commercial spreadsheet applications (e.g., LibreOffice calc 

and Microsoft Excel) provide these abilities and offer satisfactory functions,

including adding new columns and sorting by features such start and end positions 

of sequence matches or alignments to different genome regions (see Note 2). A

text editor (such as LibreOffice writer or Microsoft Word) primarily enables the 

accumulation of protein sequences in a table format that can be used for other 

programs or searched for specific short sequences.
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3 Methods

The first step in neuropeptide discovery is the identification of candidate 

prohormone genes and retrieval of the corresponding protein sequences. Next, 

thorough confirmation of these sequences is required via additional resources,

such as other publically available sequences from desired species and trace 

archives (raw, short sequences generated by a specific genome project) and

comparison of sequences across related species. Finally, the signal peptide and 

putative neuropeptides contained in the predicted prohormone sequence are 

calculated. A detailed description of these bioinformatic steps follows.

3.1 Create a list of putative prohormones.

Select the phylogenetically closest species that has extensive characterization of 

the prohormone complement as the reference species. Use this reference species to 

generate an initial list of candidate prohormone that will be searched in the target

species (see Note 3). 

Arrange the prohormones from the reference species in the rows of a spreadsheet

application table. The columns of this table will record the sequence accession 

numbers of the reference and target species, information on the target genome,

including location of the reference sequence matches in the target genomic 
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assembly, and miscellaneous details, e.g., the completeness of the reference 

sequence in the target genome assembly. 

Each candidate in the list of prohormones from the reference species is evaluated 

in the target species following the bioinformatics steps shown in Fig. 1. Keeping 

in mind that there is not a single ideal approach to use when evaluating the 

candidate list, the candidate prohormones are processed individually. Searches can 

benefit from concurrent evaluation of all the sequences within a prohormone 

family because of the high sequence similarity among prohormone family 

members. This sequential processing of the candidate list should be amended to 

accommodate new putative prohormones that are identified in subsequent 

bioinformatics steps. Novel prohormones identified in the target species and 

incorporated in the candidate list should be searched in the reference sequence in 

an iterative manner.

Putative matches to the candidate sequences identified in the target species must 

be recursively evaluated before moving to the next candidate prohormone in the 

list. Information on each putative match, such as gene(s) identifier, genome 

location(s), significance threshold of detection (e.g., e-value, percentage identity), 

and comments are added to the table (see Note 4). The evaluation of the best

match (i.e., lower e-value) between the candidate and target sequences must be 

followed by the evaluation of weaker matches (within 25% of the best match). 

This extended investigation permits identification of prohormones in the target 
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species that originated from duplication events. Additional matches identified in 

the target species must be included in the candidate list, and the table entry should 

be completed with any new information. A candidate prohormone sequence is

considered complete once all of the bioinformatics steps in Fig. 1 have been 

successfully completed.

Some candidate prohormones from the reference species will not have matches in 

the target species. An example of this is the mammalian relaxin 1 gene that has 

been lost in ruminants [6]. In other cases the lack of a candidate on the target 

genome may be associated with reference-specific duplication events after the 

branching of the reference and target species. An example of this is the insulin-

like 4 gene that resulted from a primate-only gene duplication event [29]. Any

candidates without a match should be denoted as not being present before moving 

on to the next candidate in the list.

Our bioinformatics approach was used to identify the A. burtoni members of the 

parathyroid hormone family. Consistent with the Homo sapiens (human)

parathyroid family [30], the fish parathyroid hormone family fish contains at least 

three members: parathyroid hormone 1 (PTH1), parathyroid hormone 2 (PTH2), 

and parathyroid hormone-related protein (PTHLH) [31,32]. Therefore, the initial 

candidate list for A. burtoni had 3 entries: PTH1, PTH2, and PTHLH. This list 

does not account for the teleost whole-genome duplication because it is uncertain 
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if any of the duplicated prohormone genes resulting from whole-genome 

duplication have been retained in A. burtoni.

3.2 Identification of putative prohormones.

3.2.1 Text search for prohormone and neuropeptide names.

Searches for candidate prohormones include text searches for names and gene 

symbols of the prohormone genes that have already been annotated in the target 

species. The existing annotation could be the output of the target genome project 

or other research efforts (e.g., evolutionary studies of specific prohormone genes). 

A text search in a gene-centric database, such as NCBI Gene [33], is 

recommended as the first step rather than a search in a protein database because 

gene databases are typically more complete and maintain more information at both 

the nucleotide and amino acid levels than protein databases. 

Effective text searches use the common prohormone name or neuropeptide,

followed by one or more unique words that are part of the prohormone or 

neuropeptide name (see Note 5). Text matches are then recorded in the candidate 

prohormone table. These details may expedite the entire process since some of this 

information is identified in the subsequent steps and can assist in the 

discrimination between duplicated genes and homologous genes from the same 

prohormone family in the target species.
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In our example, the first candidate is parathyroid hormone, so a text search for 

parathyroid hormone in A. burtoni was conducted within the NCBI Gene database 

using the phrase: "parathyroid hormone"[title] AND ("Astatotilapia

burtoni"[orgn]). This phrase uses the ‘[title]’ and ‘[orgn]’ options to limit the 

search for specific words in the descriptive text, such as gene name and species, 

respectively. In addition to finding PTH1, this text search also identified the other 

genes, PTH2 and PTHL, because the phrase "parathyroid hormone" is part of the 

gene names, as well as part of the name of the prohormone family.

The outcome of this search included 3 prohormone genes and 3 prohormone 

receptors (Fig. 2), and is summarized in Table 1. An equivalent search within the 

NCBI protein database [34] only identified 2 proteins. A more general search for

the phrase: "parathyroid"[title] AND ("Astatotilapia burtoni"[orgn]) identified 6 

proteins corresponding to 3 receptor proteins, PTH1, and the 2 PTHLH protein 

isoforms. PTH2 was not identified in the previous text search because the database

entry referred to a former name, ‘tuberoinfundibular peptide of 39 residue’

(TIP39).

3.2.2 Homology search against protein databases and genome assembly 

databases.

The initial search of a protein sequence in a protein database uses BLASTP, a

version of BLAST that searches protein sequence databases using a protein 

sequence as a query. The candidate prohormone protein sequence from the 
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reference species is searched against the protein database of the target species. 

Consideration of BLASTP matches that have an e-value ≤ 10 using the default 

BLOSSUM 62 substitution matrix enables the identification of matches that have

conserved, albeit small, regions across species. Effective BLASTP searches 

disable filtering and masking of low-complexity regions to favor the visualization 

of long sequence alignments. BLASTP searches using a less significant (higher) e-

value threshold, as well as substitution matrices that support more distance 

sequence matches (e.g., BLOSSUM 50), should be investigated when the original 

search fails to identify matches. 

All BLASTP matches that meet the e-value cutoff and have at least one conserved 

region should be recorded in the table of candidate prohormones, including 

locations and e-values. Each BLASTP match should be referenced to the 

candidate list, as all of the entries identified by the text search should also be 

identified from this sequence similarity search. These existing entries should be 

updated with the BLASTP match details.

Matches to the candidate prohormone protein sequence could correspond to

predicted splice variants resulting from alternative splicing, duplicated genes, 

other members from the same prohormone family, and other homologs (see Note 

6). Information from the text and prior searches enables the initial differentiation 

of these redundant matches and elimination of matches already evaluated, or 

matches to another member the same prohormone family. The best BLASTP
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match (lowest e-value) should be evaluated for completeness, even if the protein 

sequence was identified by the previous text search. This enables the identification 

of possible splice variants or correction of inaccurate protein sequences, such as 

those generated by automated methods in annotation of the genome assembly. 

Each candidate prohormone protein sequence match must be aligned against the 

prohormone sequence in the reference species, and potentially other species, using 

tools such as CLUSTAL Omega (see Note 7). True matches are characterized by 

alignments that have similar lengths and regions of high amino acid identity or 

similarity. The information gained from the alignment of the best prohormone 

sequence match to sequences in multiple species must be added to the table of 

candidates. These details can include the additional species that contain matches, 

accession numbers, matching sequences, and the most complete and longest 

alignments between the candidate sequence and the sequences in other species. All 

candidate prohormone sequences that have at least one complete protein match 

that surpasses the e-value cutoff in another species must be marked as completed 

in the candidate prohormone table. Protein sequence matches supersede text 

matches and thus, a text match must be replaced with a protein match when 

available.

The remaining BLASTP matches that surpass the e-value cutoff (other than the 

best match) include those that contain a high degree of homology (likely 

duplicated genes), homologous genes from the same gene family, and new 
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prohormone genes. All these matches should be collected into a single table of 

protein matches and then each entry evaluated one at a time. Entries that match

existing complete entries in the candidate prohormone table, or are clearly not 

prohormone proteins, are removed from the table of protein matches. Entries that 

match any candidate prohormone or new prohormones should be evaluated in a 

similar manner to the best match. The resulting complete entries are used to 

update the table of candidate prohormones, including information on sequence and 

accession number, before the entry is removed from the table of protein matches.

Some of the remaining entries may be resolved with alternative searches that can 

result in the identification of a new prohormone that may be unique to the target 

species. Conducting a protein search in the protein sequences from another species 

can provide matches that can determine if the current entry is a match to a 

prohormone, or that can be used instead of the candidate protein sequence. 

Similarly, searches using the EST database may provide the gene identity or 

provide a larger region that aids in the resolution of the initial match. Any 

remaining entries in the table of protein matches must be resolved with genome 

searches.

In our example, a BLASTP search was initially conducted with the H. sapiens

PTH1, PTH2, and PTHLH sequences because this species is not encumbered by 

the teleost whole genome duplication event. Our searches (results not shown) did 

not uncover additional information to add to our initial text search (Table 1). 
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Searches with Danio rerio (zebrafish) also did not uncover additional protein 

sequences. However, the D. rerio search results indicated that expected gene 

duplications resulting from the teleost whole genome duplication event were also 

not present in the A. burtoni protein sequences (results not shown).

Genome searches need to be conducted for any candidate prohormones that were

not identified in the previous BLASTP searches and any remaining entries in the 

table of protein matches. A genome search should also be conducted if additional 

gene duplications are expected, e.g., from whole genome duplications or known 

tandem duplications in other species. The TBLASTN version of BLAST that 

searches a protein sequence against translated nucleotide sequences of the genome

should be used with the same settings as the previous BLASTP search. The 

expected matching regions should comprise the exons of the candidate gene as 

well as exons from genes homologous to the candidate protein sequence. All of 

these matches should be collected into a single table of genome matches and any 

duplicate matches should be removed. Any entries that correspond to exons of

identified prohormones should be removed, after ensuring that the genomic region 

only contains the identified prohormone gene. 

The remaining entries in the genome table that are likely to be from the same gene 

should be grouped together.  These groups should contain the genomic regions of 

at least one of the prohormone gene exons, and then evaluated one at a time. Each 

group must evaluated for assembly artifacts that must be resolved before 
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continuing (see Note 8). Subsequently, the genome region of the group entry is 

expanded by ~ 2000 bp beyond the 5’ and 3’ ends of the group entry and the 

sequence from this extended region corresponding to the correct reading fame of 

the TBLASTN match is then extracted. This strategy maximizes the likelihood

that the complete prohormone gene will be identified. A gene prediction 

program(e.g., GeneWise) is used to predict a protein sequence from this extracted 

genome region (see Note 9). If the predicted protein sequence is a new 

prohormone, then the table of candidate prohormones is updated accordingly. All 

entries in the genome table corresponding to genome group are then removed. 

We performed genome searches for PTH1, PTH2, and PTHLH in the A. burtoni

genome using TBLASTN (results not shown). All matches from the protein 

sequences of the 3 genes were entered as a single list of matches since the same 

match can occur with different members of the same prohormone family. Any

duplicate entries were removed so that each match was only processed once. The 

first entry processed was a single match to PTH2, corresponding to the previously 

identified PTH2 gene (Table 1). This result indicated that there is only one copy in 

the genome, so this entry was removed from the list of matches.

The next entries processed were 2 matches to PTH1 (Fig. 3). The first of these 

entries matched the region of the NW_005179605.1 contig, which contains the 

previously identified PTH1 gene (XP_005936534.1; Table 1). This entry did not 

provide additional information and was removed from the list of matches. The 
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second PTH1 entry corresponded to another contig, NW_005179496.1, and 

exhibited high similarity to the start of the second exon of PTH1. This discovery 

likely corresponds to the duplicated PTH1 gene resulting from the teleost whole 

genome duplication event. 

To confirm that this match was a duplication of PTH1, we used the ‘GenBank’ 

link in NCBI output to retrieve the genome record and the matched sequence. The 

TBLASTN search had located a match in the complement strand, and a

customized view was developed by selecting the reverse complement option and 

‘update view’ in NCBI (Fig. 4). This region was expanded ~2,000 bp from the 5’ 

and 3’ ends and extracted. The GeneWise program was then used to predict a 

protein sequence from this region. The input (Fig. 5) included the A. burtoni PTH1

protein sequence (denoted as PTH1A) and the extracted A. burtoni genomic 

region. The output confirms our hypothesis of a duplicated PTH1 gene, providing

the complete predicted gene sequence (Fig. 6), including an intron that is 

consistent with the known PTH1 gene. The previous PTH1 gene was renamed as 

PTH1A, and this new prediction denoted as PTH1B; the letters after the initial 

gene symbol (PTH1) are used to differentiate the different copies of the

parathyroid hormone 1 gene. The protein sequence and information pertaining to 

PTH1B were added to candidate list and the entry was removed from the list of 

matches.
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Our TBLASTN search of PTHLH in the target A. burtoni genome uncovered 5

matches with an e-value <10 (Fig. 7). The best match (lower e-value) was to the 

region of the NW_005179673.1 contig containing the previously identified 

PTHLH gene (XP_005939766.1; Table 1). This entry was removed from the list 

of matches because no additional information was obtained. The two matches with 

the highest e-values matched non-prohormone genes and these entries were

discarded from the list of matches. The second-best match exhibited high 

similarity to the signal peptide region of PTHLH and the third-best match mapped

to the start of the PTHLH sequence (Fig. 7). The locations of the second and third 

matches excluded the other known members of the parathyroid hormone family. 

This implied that these could be 3 A. burtoni PTHLH genes. Following the same 

approach previously used to obtain the PTH1B gene, augmented genome regions 

corresponding to these matches were extracted and the 2 different protein 

sequences were predicted. The initial PTHLH was renamed as PTHLH1 and the 2 

predictions were denoted as PTHLH2 and PTHLH3 to differentiate the different 

PTHLH genes. After updating the candidate list and entering the proteins for these 

3 PTHLH genes, these final entries were removed from the list of matches, 

marking the successful completion of the homology search step.

3.2.3 Novel detection based on neuropeptide motifs.

We recommend homology searches centered on conserved regions, such as 

neuropeptides, and using relatively lax criteria as helpful strategies to identifying

novel prohormones. A more general approach is to search for neuropeptide motifs. 
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This approach has successfully led to the discovery of new prohormones [35,36]. 

However, searches for more generic motifs [37] or conserved regions inferred in 

silico using machine learning algorithms, such as hidden Markov models [38-40],

have a high false-positive rate [41].

3.2.4 Validation of predicted prohormone protein sequences.

The predicted protein sequences must be validated for accuracy. This validation 

includes additional support from data not included in genome repository of the 

target species and information from other species. Homology searches for the 

prohormone protein sequences should be conducted in EST, RNA, and protein 

sequence databases that have not been incorporated into the genomic repository of 

the target species. These databases can also provide valuable complementary 

information, such as single nucleotide polymorphisms (SNPs), insertions, and 

deletions. Moreover, this complementary information can be helpful when the 

coverage of the target genome assembly varies across regions or is incomplete. 

Multiple matches between the protein sequence from the target species and the 

EST sequences, including the full sequence or overlapping regions, offer the 

strongest empirical evidence for the gene. Gaps in the alignment could be 

attributed to alternative splicing and thus, all EST forms should be extracted and 

tested for sequence accuracy and completeness. When protein isoforms from the 

same prohormone are available, then all isoforms should be predicted from the 

same genomic region.
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Confirmation using sequence information from non-genomic databases of other

phylogenetically close species can be used to further validate the prohormone 

predictions. Matches to EST or other transcriptomic databases provide evidence of 

the presence of the predicted prohormone. However, the actual protein sequence 

cannot be completely verified since differences between sequences can be actual 

sequence differences between species, as well as a result of sequencing errors. 

Our predicted A. burtoni PTH1B gene has no supporting confirmatory 

experimental evidence in any of the current A. burtoni resources. A suitable match 

in Neolamprologus brichardi, a species very closely related to A. burtoni, was 

found to the NCBI-predicted protein, “XP_006804843.1 PREDICTED: 

parathyroid hormone-like”. This cross-species analysis offers further confirmation 

of our A. burtoni PTH1B prediction. 

The new A. burtoni PTHLH2 and PTHLH3 prohormone protein sequences were 

validated using the NCBI A. burtoni transcriptomic-based databases. The 

PTHLH2 protein sequence had multiple matches in the NCBI A. burtoni ‘Non-

RefSeq RNA’ database (this database contains RNA sequences that are present in 

GenBank but have not been included in the RefSeq database). One of these 

additional matches was an A. burtoni RNA sequence in the Transcriptome 

Shotgun Assembly (TSA) database [42] (titled “GBDH01011309.1 TSA: 

Haplochromis burtoni comp20762_c0_seq1 transcribed RNA sequence”). The 
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PTHLH3 protein sequence matched the A. burtoni EST, DY630955.1. Extracting 

and translating these sequences from each source confirmed the previously 

predicted PTHLH2 and PTHLH3 protein sequences. Recently PTHLH3 was 

identified in zebrafish (D. rerio) as parathyroid hormone 4 (PTH4; 

XP_005168342.1) and was shown to interact with the known parathyroid 

zebrafish hormone receptors [43].

3.3 Sequence verification of predicted prohormone proteins.

The comprehensive validation of the predicted prohormone in the target species 

enhances confidence in the detection. Further biological support can be gained 

using motif- or block-centered multiple sequence alignments. The alignments of 

the predicted prohormone sequence to databases of protein families using tools 

such as Pfam [44] further ensures that the target sequence is a member of the 

expected protein family. This additional validation step is particularly helpful 

when the candidate sequence or the validation information corresponds to a 

phylogenetically distant related species. 

We recommend an additional bioinformatics step for accurate annotation of 

prohormone paralogs and orthologs in the target species, particularly in protein 

families that have a high level of homology. This step encompasses multiple 

sequence alignments of the candidate sequences and known prohormone 

sequences from multiple species, including phylogenetically distant species, using 
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tools such as CLUSTAL Omega. In addition to discrimination between 

prohormone family members and identification of new duplicates in the target 

species, multiple sequence alignments support the assessment of expected 

structural features, such as conserved regions that are often characteristic for

bioactive neuropeptides. For example, in our A. burtoni annotation [4], we 

confirmed the loss of melanocyte-stimulating hormone (MSH) peptide, γ-MSH 

[45]. 

To validate the accuracy of our parathyroid prohormone predictions, the 7 A. 

burtoni sequences were searched against the NCBI-predicted genes from 4 related 

cichlid species with sequenced genomes: Oreochromis niloticus (Nile tilapia), N. 

brichardi, Pundamilia nyererei, and Maylandia zebra. Matches to all of our 

parathyroid prohormone predictions were identified in multiple species (Table 2). 

Two PTH2 protein isoforms with corresponding mRNA evidence were detected in 

O. niloticus. Based on this evidence, both PTH2 protein isoforms were

subsequently predicted from the same A. burtoni genomic region using GeneWise. 

Our bioinformatics approach uncovered 2 A. burtoni PTH2 isoforms that are the 

result from alternative splicing events.

Phylogenetic trees depicting the relationship between the sequences from the same 

prohormone or prohormone family across species can also be constructed using

tools such as ETE3 [46]. These trees facilitate the identification of potential 

sources of prohormone sequence alignment errors, such as unusual or unexpected 
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prediction, gaps, large mismatched regions, or misnamed predictions. Also, these

phylogenetic trees provide insights into the evolutionary relationship between the 

sequences and can be used to discover novel taxa-specific prohormone genes.

All of the known sequences from the A. burtoni, D. rerio, and H. sapiens

parathyroid prohormone family were aligned together using CLUSTAL Omega. A 

phylogenetic tree (Fig. 8) depicting the relationship between these parathyroid 

prohormone family sequences was constructed using the GenomeNet ETE 3 

(v3.0.0b32) implementation [47]. This tree confirms that the sequences appear to 

be correctly named and illustrates the expected relationships between members of 

the parathyroid prohormone family. The branching in the PTHLH tree suggests 2 

gene duplication events. The first is the teleost-specific whole genome duplication 

that resulted in PTHLH1 and PTHLH2; the second event occurred prior to the 

teleost-specific whole genome duplication and resulted in PTHLH3 (PTH4) and 

PTHLH. There is no H. sapiens PTHLH3 because PTHLH3 (PTH4) was lost in 

eutherian mammals after the eutherian-metatherian split [43]. These discoveries 

highlight the potential of our bioinformatic approach to annotate prohormones in 

target species, discover novel taxa-specific prohormone genes, and identify losses 

of prohormone genes.
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3.4 Peptide prediction from prohormone protein sequences.

3.4.1 Signal peptide prediction.

Tools such as SignalP [48] can be used to predict the signal peptide and associated 

cleavage site in the N-terminal region of the predicted prohormone sequence in the 

target species (see Note 10). Rigorous application of the previous prohormone 

prediction steps guarantee the identification of a complete or nearly complete 

prohormone sequence. Incomplete protocol implementation or limited sequence 

information could produce partial, incorrect, or chimeric sequences. The predicted 

prohormone protein sequence must be revised when the signal peptide cleavage 

site cannot be identified. The sequence must also be revised when the location of 

the signal peptide cleavage site is predicted >40 amino acids from the prohormone 

initiation methionine site because this location is generally atypical. 

3.4.2 Prediction of putative peptides.

The predicted prohormone sequence must be subsequently analyzed using 

NeuroPred. This public web service supports the prediction of putative peptide 

cleavage sites in a protein sequence, assessment of the likelihood of cleavage, and 

evaluation of potential PTMs. This resource accepts one or more protein

sequences, and signal peptides are identified using default or user-defined 

specifications (see Note 11). NeuroPred encompasses multiple peptide cleavage 

prediction methods that have been optimized for multiple species (see Note 12).

After removal of the signal peptide, NeuroPred predicts the cleavage sites and, 
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depending on the selected options, identifies the resulting peptides. The peptide 

sequences, PTMs, and masses predicted by NeuroPred have been successfully 

used in support of neuropeptide identification in MS analyses. 

We used NeuroPred to predict the peptides in the A. burtoni PTH1B protein 

sequence (Figs. 9 and 10). The NeuroPred input options depicted in Fig. 9 include

the model used to predict the cleavage sites (the ‘Known Motif’ and ‘Mammalian’ 

cleavage models were selected for the A. burtoni example). The NeuroPred output 

depicted in Fig. 10 includes a cleavage diagram that localizes the signal peptide 

used and all predicted cleavage sites. The output also includes information on the 

peptides resulting from cleavage at the predicted sites.

4 Notes

1. The accuracy of the prohormone gene prediction increases exponentially with 

increasing sequence similarity between species studied. Thus, the species 

phylogenetically closest to the target species should be used in the first 

bioinformatics steps. Sequences from more phylogenetically distant species 

should be used to resolve contradictory findings among closest species and 

whenever substantial uncertainty arises from poor matches or unreliable 

predictions during the final bioinformatic steps.

2. The ability to identify the start and end locations of exons from multiple 

genome matches is critical to the discrimination between duplicated genes 
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located on the same chromosome or contigs in the target species. 

Furthermore, accurate exon delimitation enables the reduction of multiple 

matches to the same region by different genes, typically from the same gene

family.

3. The nomenclature used to name a prohormone on a target species should 

follow community annotation guidelines. When these guidelines are not in 

place, the recommendation is to follow the guidelines of a major genome 

annotation project within the taxa. Accepted gene symbols should be used for 

prohormones to facilitate search and validation, especially across species, and 

to avoid confusion between proteins and peptides and between duplicated 

genes.

4. Characterization of prohormones resulting from tandem duplication requires 

recursive iteration of the bioinformatic steps described. An example of this 

scenario is mammalian calcitonin, which has varying copy numbers among 

mammalian species. Knowledge of potential tandem duplication aids in the 

accurate identification of the individual prohormone genes.

5. Known genes may not be found using text searches because the names of 

genes, proteins, and neuropeptides can vary between species and across time. 

In the absence of identifications using text searches, subsequent searches 

should explore gene symbols and synonyms. In some cases, text searches in 

other species may uncover alternative annotation, nomenclature, and search 

terms. The candidate prohormone table should include all synonyms of gene 

names and symbols.
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6. Duplicated genes or homologs may match to the same location as well as 

different locations in the genome of the target species. Expected locations 

based on comparative mapping information should be evaluated first to 

identify the primary ortholog gene, and nearby matches are likely to be the 

result of tandem duplication. Also, incomplete coverage or assembly may 

cause one gene sequence to be mapped to substantially different regions. In 

these cases, the matches tend to be short and lack conserved regions. Other 

types of sequences such as ESTs can be very helpful to address gaps or low 

quality sequences.

7. Multiple sequence alignment is the favored method for identifying

inaccuracies in prohormone protein prediction. An incorrect initiation codon 

will result in predicted protein isoforms that are contained within a subset of a 

larger protein isoform. Incorrect termination codons will result in the last 

exon being incorrectly predicted or completely missed. Gaps and mismatches 

indicate incomplete coverage or species differences that can only be resolved 

by other sources. Multiple sequence alignment should be used to resolve 

inaccuracies in the prediction, starting from the conserved regions and 

extending to both ends.

8. There are various assembly artifacts that have varying impacts on prohormone 

gene identification. Often many of these artifacts, such as matches in different 

strands or where exons of the gene are not sequentially located on the same 

contig, can be resolved by manually placing the translated sequence from 

exons in the correct order based on the candidate prohormone protein 
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sequence. A different resolution is required for erroneous insertions that result 

in part of all of an exon located multiple times in nearby regions. Typically 

only one of these regions will provide a complete gene prediction. If 

remaining incorrect regions does not provide a complete prohormone gene

prediction, then the matches to those regions can be safely discarded. 

9. Alternative specifications of the gene prediction tool should be investigated

when the extracted genome sequence does not support the prediction of a 

complete or nearly complete protein, or when the predicted protein is

substantially shorter or longer than expected. Effective strategies include 

varying the sequence region being analyzed, and removing excessive gaps or 

strings of ambiguous nucleotides. The global model option in GeneWise 

should be used when a high degree of homology is expected between the 

protein sequence and the genome of the target species. Using the gene 

prediction tool to predict the protein from the genome sequence of other 

species can offer insights into the expected prediction. Searching for the 

prohormone in other nucleotide databases of the target species could improve 

the prohormone prediction. Protein sequences should not be predicted using

TBLASTN because this tool may provide a low prediction accuracy at the 

intron-exon splice boundaries, and may fail to identify all prohormone exons.

10. Signal peptide cleavage sites are typically located between 15 and 40 amino 

acids from the N-terminal start of the protein sequence. Signal peptides are 

highly conserved and thus, the predicted signal peptide cleavage is identical 

or very similar across related species, and often across members within a 
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prohormone family. Multiple sequence alignment of prohormone sequences

from multiple species that have known or predicted signal peptide cleavage 

sites will enhance the accuracy of the prediction when the predicted 

prohormone sequence in the target species is partial or encompasses highly 

uncertain positions. If a site is not predicted, alternative specifications of the 

signal peptide prediction tool or different tools should be investigated.

11. The default specifications to predict peptides cleaved from protein sequences

in NeuroPred were designed based on information for a large number of 

prohormones across multiple species and accommodate the sequences of 

many prohormones and neuropeptides. Users can overwrite these default 

specifications, e.g., by specifying the position of the signal peptide cleavage 

site when the input sequence is incomplete. The NeuroPred specifications for 

false-positive and false-negative cleavage predictions can also be adjusted

according to the goals of the study.

12. Multiple species-specific models to predict cleavage sites and resulting 

peptides are available in NeuroPred. Cleavage and resulting peptide 

prediction models from the species phylogenetically closest to the target 

species should be used first. Models from more phylogenetically distant 

species should be examined for confirmation. NeuroPred supports the 

estimation of cleavage probability for each predicted cleavage site, which

further empowers users to prioritize among the predicted peptides. 
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Figure Captions

Fig 1. Outline of the bioinformatic steps leading to the accurate identification and 

annotation of a prohormone.

Fig. 2. Result of a text search for parathyroid hormone family genes in 

Astatotilapia burtoni within the NCBI Gene database where Haplochromis 

burtoni is the former name of A. burtoni.

Fig. 3. Output of the NCBI TBLASTN search of the parathyroid hormone 1 

(PTH1) gene in the Astatotilapia burtoni genome.

Fig. 4. Output of the sequence of the second TBLASTN match of PTH1 in the

Astatotilapia burtoni genome.

Fig. 5. Input to the GeneWise program using the Astatotilapia burtoni parathyroid 

hormone 1 protein sequence and genome region containing the suspected 

duplicated parathyroid hormone 1 gene. 

Fig. 6. Output from GeneWise depicting the alignment between the amino acid 

sequence from the region extracted and the Astatotilapia burtoni PTH1 

prohormone sequence and the predicted protein sequence of duplicated 

parathyroid hormone gene (denoted as PTH1B).
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Fig. 7. Output of the Astatotilapia burtoni parathyroid hormone like prohormone

TBLASTN search.

Fig. 8. Phylogenetic tree of parathyroid prohormone genes obtained using the 

GenomeNet ETE3. Leaves represent the gene symbol followed by species suffix: 

Astatotilapia burtoni (Ab); Danio rerio (Dr); Maylandia zebra (Mz); 

Oreochromis niloticus (On); Neolamprologus brichardi (Nb); Pundamilia

nyererei (Pn); and Homo sapiens (human).

Fig. 9. Input to the NeuroPred tool to predict cleavage sites for Astatotilapia

burtoni parathyroid hormone 1B (PTH1B) prohormone protein sequence with the 

‘Known Motif’ and ‘Mammalian’ cleavage models selected.

Fig. 10. Output of the NeuroPred tool showing the cleavage diagram where the 

predicted cleavage sites are denoted by the letter ‘C’ for ‘Known Motif’ and 

‘Mammalian’ cleavage models, and sequences and masses of first putative 

peptides.
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Table 1. Summary of a text-based search for parathyroid hormone family genes in

Astatotilapia burtoni within the NCBI Gene database.

Genomic Information

Prohormone
Gene ID NCBI Accession 

Number of 
Contig

Position with 
Contig

NCBI Protein 
Accession 
Number

PTH1
102295615

NW_005179605.1
11468..12171, 
complement

XP_005936534.1

PTH2 106633640 NW_005179731.1 310219..312857 XP_014195500.1

PTHLH
102305631

NW_005179673.1 98846..102040
XP_005939766.1; 
XP_014194690.1a

a PTHLH has 2 predicted protein isoforms due to different initiation codons. 

Subsequent evaluation indicated that the isoform (XP_005939766.1) has the same 

sequence length as the mammalian protein homologs and thus, will be entered in 

the prohormone table of candidate prohormones.

Table 2. Matches of the 7 predicted parathyroid prohormone family protein 

sequences to the protein databases for Astatotilapia burtoni, Oreochromis

niloticus, Neolamprologus brichardi, Pundamilia nyererei, and Maylandia zebra. 

NCBI Protein Accession Number

Gene 
Symbol

A. burtoni O. niloticus N. brichardi P. nyererei M. zebra

PTH1A XP_005936534.1 XP_006780577.1 XP_005724427.1 XP_004543577.1

PTH1B XP_006804843.1

PTH2_v1 NP_001266421.1 XP_012779771.1

PTH2_v2 XP_014195500.1 XP_013120746.1 XP_013771025.1

PTHLH1 XP_005939766.1 XP_003443941.1 XP_006782617.1 XP_005728183.1 XP_004563786.1

PTHLH2 XP_003448833.1 XP_006781115.1 XP_004564921.1

PTHLH3 XP_006783019.1 XP_005729696.1
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