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Bioactive (neuro)peptides play critical roles in regulating most biological processes in
animals. Peptides belonging to the same family are characterized by a typical sequence
pattern that is conserved among the family's peptide members. Such a conserved pattern or
motif usually corresponds to the functionally important part of the biologically active
peptide. In this paper, all known bicactive {neuro)peptides annotated in Swiss-Prot and
TrEMBL protein databases are collected, and the pattern searching program Pratt is used to
search these unaligned peptide sequences for conserved patterns. The obtained patterns are
then refined by comibining the information on amino acids at important functional sites
collected from the literature. All the identified patterns are further tested by scanning them
against Swiss-Prot and TrEMBL protein databases. The diagnostic power of each pattern is
validated by the fact that any annotated protein from Swiss-Prot and TrEMBL that contains
one of the established patterns, is indeed a known {neuro)peptide precursor. We discovered
155 novel peptide patterns in addition to the 56 established ones in the PROSITE database. All
the patterns cover 110 peptide families. Fifty-five of these families are not characterized by
the PROSITE signatures, and 12 are also not identified by other existing motif databases,
such as Pfam and SMART. Using the newly identified peptide signatures as a search tool, we
predicted 95 hypothetical proteins as putative peptide precursors.

&) 2006 Published by Elsevier Inc.

1. Introduction

part(s) of the entire protein. The latter is true especially for
precursor proteins for bioactive peptides. Consequently, there

Whole genome sequencing projects have made available
immense sequence data at a pace that far supersedes their
rate of annotation. As a result, out of 0.7 million protein
sequences, which are currently available for all the completely
sequenced metazoan genomes, nearly 18% could not be
assigned any putative function. Although several tools/
algorithms that contribute towards the putative functional
assignments of the proteins are available, yetlarge numbers of
proteins remain un-annotated. In most cases this is due to the
low degrees of similarities with known proteins. Alternatively,
the existing similarities can be confined to only very small

* Corresponding author. Tel.: +32 16324260; fax: +32 16323902,

is still a need for bioinformatic tools for predicting protein
function to annotate the enormously large number of un-
annotated protein sequences.

Bioaetive peptides occur in the whole animal kingdom,
from the least evolved phyla to the highest vertebrates. They
play key roles as signalling molecules in many, if not all
physiological processes, for instance as a peptidergic neuro-
transmitter or neurohormone, as a peptidergic toxin, or as a
growth factor. Therefore, they are of considerable biological,
medical and industrial importance [14,6]. Peptides are synthe-
sized in the cell in the form of large preproproteins
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(precursors), which are then cleaved and modified to generate
biologically functional peptides. Peptides {and their precursor
proteins) that are structurally and functionally related have,
since the elucidation of their structures, been classified in
peptide families. A sequence motif or pattern common for a
certain peptide family is often conserved throughout the
whole animal kingdom. Usually the conserved peptide pattern
resides in the functionally and structurally important part of
the corresponding peptide precursor protein.

Conserved motif databases which cover a wide range of
! protein families exist in the form of patterns and profiles, such
' as PROSITE, Pfam and SMART [3,4,9,17]. The construction of
these databases usually requires a good protein sequence
alignment in order to produce accurate signatures. This works
well when the sequences are easy to align. However, in some
cases, the alignment is very difficult to obtain or evaluate, for
example, when the conserved regions are very short or when
they are repeated within the proteins. For peptide precursor
proteins, in most cases, only a short conserved motif is
responsible for the biological activity of their mature bioactive
peptides and often only this short sequence motif, which can
be five amino acids or less in length, is conserved [2]. This
means that the bulk of a peptide precursor sequence is not
very well preserved during evolution. The overall protein
sequence identity, especially in distantly related homologues,
may be too low for an accurate alignment.

In this paper, we have followed an alternative approach,
taking unaligned sequences as a starting point. We thenused a
pattern search program to look for conserved patterns. We
first collected all currently annotated peptide precursor
proteins in Metazoa, through a search in Swiss-Prot and
TrEMBL. The peptide sequences derived from these precursors
are cleaved in silico and are classified into peptide family
datasets. Then we use the pattern search program Pratt to
search the peptide sequences in each peptide family dataset
for conserved patterns. Such patterns consist of highly
conserved positions that can be separated by fixed or variable
spacing. The patterns are then refined by taking into account
the information that is available in literature on the
importance of amino acids contained within the biologically
active site(s) of the peptide. The specificity of the generated
patterns are further validated by scanning them against the
protein databases Swiss-Prot and TrEMBL in order to ensure
that proteins picked up by the pattern are either annotated as
peptide precursor protein or have an unknown function.

2. Data collection
2.1.  Peptide precursors collection

All proteins from metazoa that function as peptides or peptide
precursor proteins, and that are further processed into smaller
bioactive peptides are assembled into a peptide (precursor)
database. A protein was considered as having the character-
istics of a peptide or peptide precursor protein if it is annotated
in Swiss-Prot or TrEMBL protein databases with one of the
following keywords: hormone, antimicrobial, toxin. The
hormione category includes subcategories of bombesin,
bradykinin, cytokine, glucagon, growth factor, hormone,

hypotensive agent, insulin, neuropeptide, neurotransmitter,
opioid peptide, pyrokinin, tachykinin, thyroid hormone,
vasoactive, vasoconstrictor and vasodilator (the definition of
the keywords can be referred to in the two protein databases).
The antimicrobial category consists of subcategories of
antibiotic, antiviral defense, defensin and fungicide. The toxin
includes naturally produced and secreted poisonous proteins
that damage or kill other cells.

A protein is retained when its protein name or correspond-
ing protein file contains one of the above-mentioned 24
peptide category or subcategory keywords in protein database
UniProt (release 6.6) consisting of Swiss-Prot (release 48.6) and
TrEMBL (release 31.6). However, when these proteins have a
subcellular location as membrane protein {as indicated in the
protein file) or if they are also characterized by keywords that
do not refer to a peptide or peptide precursor protein, such as
receptor, signal-anchor, transmembrane, binding protein,
DNA binding, nuclear protein, transport, collagen, enzyme
or words ending in ‘ase’ (excluding ‘disease’), they are
excluded, in order to avoid selection of proteins that are not
peptide precursors. In total, 10,343 proteins are retained and
they form the peptide (precursor) database.

Stand-alone PSI-BLAST is used to align all the peptide
precursors with all the proteins in Swiss-Prot and TrEMBL
databases except the ones that are already in the peptide
precursor database. Based on the characteristics of peptide
precursors that, in many cases, only a short motif within a
peptide precursor is conserved and responsible for the
function of the mature peptide {2], the score matrix PAM30
is used, and the word size is set to 2. This allows to find short
but strong similarities. The proteins, which have similarities
with the extracted peptide precursors with a significant BLAST
score (e-value <0.001), are retained. The obtained list is then
checked manually in terms of the protein’s cellular location
molecular function and biological process as stated by GO
(gene ontology) terms or in literature. As a result, 1345 more
proteins are added to the peptide precursor database and
these proteins have as yet not been annotated by the peptide
keywords in the protein databases.

2.2.  In silico extraction of peptides

From each assembled peptide precursor, the bioactive peptide
sequences are extracted in silico from the beginning and
ending positions of the subsequences that are annotated as
‘peptide’ or ‘chain’ in ‘feature’ line in their corresponding
protein files. The conserved basic cleavage sites flanking the
peptides, which contribute to the cleavage of the peptides
from their precursors, are also extracted along with the
peptides. According to the characteristics of endoproteolytic
peptide precursor processing {15}, the rules applied to pick up
the cleavage sites are proposed as follows. If the residues
flanking the N or C-terminal of a peptide are the dibasic sites
(G)KR, (G)RR, (G)KK or (G)RK, or the monobasic site (G)R or {G)X,
the residues are extracted as cleavage sites. If the residues are
a combination of a few consecutive basic amino acids K or R,
the combination is extracted as the cleavage site.

Database entries in the peptide precursor database that
only constitute the peptide sequence, i.e. in those cases where
the protein precurser is unknown, are also retained. Small



proteins (less than 200 amino acids in length) from the peptide
precursor database, which contain an N-terminal signal
peptide and for which no mature peptides have as yet been
annotated, presumably contain a single peptide and are
therefore also extracted into the peptide database after in
silico removal of the N-terminal signal peptide. According to
statistics on all annotated bioactive peptide sequences, 97%
are no longer than the 200 AA threshold value. The presence of
a signal peptide is assumed when it is indicated on the protein
file in the protein databases, in other cases the signal peptide
prediction program signalP (http://www.cbs.dtu.dk/services/
SignalP/) is used to predict the presence of a signal peptide.

In total, 12,697 peptide sequences are obtained and the
sequences make up the peptide database, which we named
‘Peptidedat’. The peptides are derived from 11,688 peptide
precursors that originate from 1420 metazoan organisms.
Most of the peptides are flanked by conserved basic cleavage
sites.

23.  Peptide classification

All the peptide or peptide precursor proteins in the peptide
precursor database are classified into families according to
their family classification information available in Uniprot
that assign a protein to a particular family based on a
significant match to an existing family motif, present in motif
databases such as Prosite, Pfam and SMART or based on
sequence similarities. Proteins that display sequence simila-
rities with a significant score (e-value <0.001) obtained by
BLAST, are clustered into the same family. A protein can also
be assigned to belong to a particular peptide family based on
its molecular function described in the literature. Once all the
proteins in the peptide precursor database are classified into
peptide families, the peptides within the peptide database
‘Peptidedat’ that are in silico cleaved from these precursors are
automatically assigned into corresponding peptide family
datasets.

In total, 110 datasets of peptide families are formed, each
including at least 10 peptide sequences. Each of these families
was scanned independently for conserved patterns.

3. Method

Different software tools available on the internet allow the
user to search for patterns conserved in a set of unaligned
protein sequences. Pratt (http://www.ebi.ac.uk/pratt/#) [10] is
aflexible pattern search tool in the number of parameters that
can be controlled by the user. It allows users to search for
patterns of conserved positions with limited variable length
spacing, which is important because even in well-conserved
peptide regions, variable loop sizes can occur. Pratt is run on
each of the 110 peptide family datasets. Based on the
maximum of pattern length and pattern flexibility found in
the existing peptide patterns in PROSITE, the parameter of the
maximum pattern length (PL) is set to 52 amino acids, the
maximum length of a wildcard is set to 15, the maximum
number of flexible wildcards (FN) is 3, the maximum flexibility
of a flexible wild card (FL) is 8 and the upper limit on the
product of flexibilities for a pattern (FP) is 48, in order to allow

more flexibility for the pattern to be searched for. The
minimum percentage of sequences to match the pattern
(C%) is set to 90, 80, 70, 60 and 50%, respectively. All other
parameters are set at default.

For each Pratt run which starts with the parameter C%
equal to 90%, the most significant pattern (the one with the
highest fitness in the Pratt output list) is retained. The
retained pattern is then refined by taking into account the
important functional sites in the matched peptide sequences
according to the corresponding literature. The amino acids
occurring at these functional sites are added to the pattern if
they are not included at the corresponding sites in the
pattern.

The pattern is further corrected by scanning it against all
proteins in Swiss-Prot and TIEMBL databases using the
ScanProsite tool (http://www.expasy.org/tools/scanprositey).
Two possible cases occur: (1) If the pattern is not contained in
any known non-neuropeptide protein, it is retained as a
conserved peptide pattern. (2) Otherwise, if the pattern is
matched by any annotated non-peptide proteins (further
referred to as false positive protein hits), the correction
processing is as follows. (2a) If the pattern does notinclude any
wildcard region X, which is the site where any amino acid is
accepted, the positions in all matching protein sequences
where the pattern occurs are checked. If the pattern
exclusively occurs at the N- or C-terminus of the matching
peptide (precursor) proteins, or if all the matching peptide
(precursor) proteins are exclusively small molecules, the
pattern is retained with a constraint (<’ or ‘>') imposed at
the N- or C-terminus of the pattern to limit the maximum
distance between the conserved pattern region in the peptide
or precursor proteins and the proteins’ N- or C-terminus. If the
pattern with such a restriction on its N- or C-terminus cannot
distinguish these peptide or precursor proteins from non-
peptide ones, the pattern is removed. (2b) Or, if the pattern has
wildcard regions, all the matched sequences in both the false
protein hits and the peptide precursor proteins are extracted
and aligned. If the two groups of amino acids corresponding to
a wildcard region X in the pattern have different physico-
chemical properties between the false proteins and the
peptide precursor proteins, the pattern is retained with a
constraint being imposed at the X region that consists of the
group of amino acids exclusively occurring in peptide
precursor proteins. In the other case, when the two groups
of amino acids share identical physico-chemical properties,
the pattern is removed. The symbol sets from the amino acid
class hierarchy (Smith and Smith, 1990): DE, KRH, NQ, ST, ILV,
FWY, AG, C, M and P, which are classified based on the
physiochemical nature of the side groups, are used.

If a conserved pattern cannot be obtained, the parameter
C% is reduced by 10%, and Pratt is re-run against the peptide
family dataset. As the percentage of sequences to match the
pattern decreases, a pattern with more restrictions which is
usually longer and contains more sites than the previously
obtained pattemn is shown up and processed by similar
refinement and correction. Such a pattern may match less
peptide sequences compared with the previously cbtained one
that is, however, unable to distinguish peptide precursors
from non-neuropeptide proteins. The procedure is repeated
until a pattern, which represents the majority of a group of



related peptide sequences, and which excludes any known
non-peptide proteins, is discovered.

Once a conserved pattern is identified in the peptide family
dataset, the program ps-scan (ftp://ftp.expasy.org/databases/
prosite/tools/ps_scan/sources/) is run locally on the pattern
against the dataset The peptide sequences matching the
pattern are extracted with the beginning and ending positions
of the matched region. The matched sequence regions are
removed from the corresponding original peptides. Each of the
two remaining parts of the peptide sequences at their N-and C-
terminusis retained to forman independent sequence ifitis not
less than four amino acids in length (given the assumption that
the minimum length of the peptide pattern we search for is not
less than this value). Thus, a reduced dataset is created
including not only the peptides which are not covered by the
identified pattern, but also the remaining sequences of the
original peptides from which the sequence regions that already
matched with a peptide pattern are removed. This methodology
isbased on the factthata peptide precursor protein may contain
several conserved regions, and that our established peptide
database contains long peptide chains which may contain a few
shorter, unrelated, bioactive peptides.

The reduced peptide family dataset is then scanned by
Pratt to discover the next pattern. The search procedure is
repeated again until the parameter C% is less than 50%. This
means that the remaining dataset contains no more patterns
representing the majority of the sequences.

It is important to note that instead of running Pratt only
once to search for all significant patterns in the original
peptide family dataset, the dataset is reduced by removing the
sequences that match the previously discovered patterns, and
is then scanned again. This is because in the Pratt output list,
the front significant patterns often represent overlapping sites
in peptide sequences. Therefore, a single scan would not be
sufficiently sensitive to identify the next significant pattern
located at a different region from the top significant one. By
running it on a reduced dataset, Pratt is more efficient to
discover the next novel significant pattern.

Fig. 1 represents the scheme of the described pattern
searching procedure which is aimed to search short bioactive
peptide sequences rather than their large precursor mole-
cules, and to take into account not only the biologically
functional sites of each individual peptide discussed in the
literature, but also the general information which is extracted
by the computational tool Pratt from all related peptides in a
family.

4, Results

In total, we have identified 211 conserved peptide patterns,
assembled in a peptide motif database, which we named
‘peptidemotifdat’. These motifs represent 110 peptide
families. All the 110 peptide families consist of 11,437 (98%
of all proteins in the peptide precursor database) peptide or
precursor proteins (12,400 peptides) in total, including 3716
cytokines and growth factors, 4974 hormones, 1265 antimi-
crobial proteins and 1482 toxins. Of all the proteins assembled
in these 110 characterized peptide families, the identified

' patterns cover in total 10,715 (93.7%) peptide or precursor

proteins (11,566 peptides) originating from species throughout
the whole animal kingdom.

All the patterns are between 4 and 52 amino acids in length
(excluding the constraints on protein length at the N-or C-
terminus of the patterns), and 78 (37%) are no longer than 10
amino acids. Each of the patterns covers most of the peptide or
peptide precursor proteins belonging to a family and the false
positives are kept to zero because the peptide pattern is
validated by the criterion that a known protein matching one
of the patterns is a peptide or precursor protein in the
corresponding family.

Tables 1 and 2 list all the currently identified patterns in
PROSITE format, the name of the corresponding peptide
family, the number of true positive proteins and false negative
proteins, the hit number that reflects the repeated occurrence
of the patterns within a peptide precursor protein and the
novel peptide or peptide precursor proteins predicted by the
patterns.

The largest families identified are TGF-beta and somato-
tropin hormone including 825 and 678 peptides or peptide
precursors, respectively.

4.1.  Distribution of peptides

Fig. 2 shows the length distribution of all peptides in the
peptide database 'Peptidedat’. Almost all peptide sequences
(98% according to the statistics on our peptide database) are
shorter than 200 amino acids, and 1172 (9%) are between 3 and
10 amino acids. The minimum-length peptides are neuropep-
tide P83570 from Sepia officinalis which consists of only three
amino acids GWamide [8] (The C-terminal amide assumes the
presence of a Gly residue in the peptide precursor C-terminally
of the peptide on which the alpha-amidating enzyme can act),
human growth-modulating peptide P01157 (GHK) [16], and
thyroliberin (QHP) found in many vertebrates [21]. The
existence of numerous short bioactive peptides implies a very
small conserved peptide motif can be a biologically important
functional portion of the peptide precursor protein.

Fig. 3 shows the phylum distribution from which the
assembled peptide sequences in our database originate. All
assembled metazoan peptides are from various phyla includ-
ing Chordata, Arthropoda, Annelida, Mollusca, Nematoda,
Cnidaria, Echinodermata, Echiura, and Platyhelminthes. The
majority of peptide sequence information is available within
the group of the Chordata; 8877 peptide sequences have been
identified, whereas in Echiura, only two peptides: urechista-
chykinin P40751 and P40752 from Urechis unicinctus are known
to date.

4.2.  Comparison with the other motif databases

The PROSITE database (http:// ca.expasy.org/prosite) is a motif
database of protein families and domains. It consists of
biologically significant sites, patterns and profiles that help to
reliably identify to which known protein family (if any) a new
sequence belongs. Its 19.9 release contains 57 entries
(patterns) describing 56 patterns for peptide families in
metazoa (the omega-atracotoxin family has two patterns),
and belonging to the following three categories including
cytokines and growth factors, hormones and active peptides,
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Fig. 1 - Program for identifying a peptide pattern.

and toxins. A 56 of the 211 peptide patterns discovered in the
present study are similar to their PROSITE counterparts, but
not identical (only five patterns were completely identical).
The length and the conserved sites between the presently
established peptide pattern and the PROSITE counterpart are
similar, but in contrast to the PROSITE signatures, more amino
acids are imposed at the conserved sites or wildcard regions in
the currently established patterns. Compared with the
PROSITE motifs, this will reduce both the number of false

negatives and false positives, when using the novel pattern as
a search tool. In addition, the novel peptide patterns are not
only trained by running them against the Swiss-Prot protein
database which is also used as the test dataset in PROSITE, but
also against the TrEMBL database, in which many proteins are
also annotated by keywords or literature.

Table 1 shows all the 56 peptide patterns that are found to
be similar to the PROSITE signatures. Patterns (5) marked with
‘identical’ are completely identical to their PROSITE counter-
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Fig. 2 - Histogram of peptide length distribution.

part. For some families of peptides, we have found additional
novel patterns and these 34 novel patterns are marked as
‘new’ in Table 1.

In addition, 121 peptide patterns were newly identified.
These patterns are listed in Table 2. These patterns allow the
identification of 55 peptide families that are dismissed by
PROSITE signatures. In total, these novel patterns currently
cover 3866 bioactive peptides, cleaved from 3572 peptide
precursors.

Of all the peptide patterns (Table 2), 28 patterns represent
12 peptide families that are not characterized by any other
motif database, such as Pfam and Smart. These families are
indicated with *’ and include the Orcokinin family and
Wamide neuropeptide family. The patterns reminiscent for
these families are short, occur repeatedly within the same
protein sequence. The sequences outside the conserved region
are not well preserved, and thus a probability model based on
protein sequence alignments cannot efficiently characterize
such peptide families.

4.3.  Case study

Patterns respectively representing the family of opioid and
POMC-derived peptides and the FMRFamide related neuro-
peptides are here shown as test cases in order to provide
insight in how the peptide patterns perform.

4.3.1. First case
The family of Opioid neuropeptides. Opioid peptides are
neuropeptides that are involved in pain control mechanisms

8877
3 6000
=
]
34000'
w
2600 = ‘ 945
0B b i S W13 9
Annel Arhr Chord Cnia Molly Nemat Platy Other
Organism type

Fig. 3 - Histogram of peptide distribution among phyla.
Annel: Annelida; Arthr: Arthropeda; Chord: Chordata;
Cnia: Cnidaria; Mollu: Mollusca; Nemat: Nematoda; Platy:
Platyhelminthes; Other: consisting of species
Echinodermata and Echiura containing seven and two
peptides, respectively.

in vertebrates. The PROSITE pattern PS01252 ‘endogenous
opioids neuropeptides precursors’ (C-x(3)-C-x{2)-C-x(2)-[KRH]-
%(6,7)-[LIF]-[DNS]-x(3)-C-x-[LIVM]-[EQ]-C-[EQ}-x(8)-W-x(2)-C)
covers 39 UniProtKB/TrEMBL entries that match the pattern.
These 39 proteins include proenkephalin (PENK), nociceptin
(PNOC) and prodynorphin (PDYN) peptide precursors. How-
ever, 92 remaining proteins that are a PENK, PNOC or PDYN
peptide precursor cannot be identified by the PROSITE pattern,
including nine full peptide precursors such as Q7T3L0 from
Zebrafish, and 83 peptides or partially sequenced fragments
such as Q5G6AO from Nycteris grandis and human QIBYY3.

The PROSITE pattern for opioid peptides is the only
PROSITE pattern that is not identified by our search procedure.
This can be explained as follows: the regions of the protein
sequences matching the PROSITE pattern are outside the
sequence areas covering the bioactive peptides. Our search
program detects conserved regions within the mature
bioactive peptide sequences. Nevertheless, our procedure
identifies six novel peptide patterns instead. These new
patterns are not only reminiscent of all PENK, PNOC and
PDYN peptides and precursor proteins, but also of proopio-
melanocortin (POMC) peptide precursors, for which no
PROSITE motif exists. POMC peptide precursors are a sister
family of the PENK, PNOC and PDYN peptide family. POMC is
known to share similar peptide sequences with PENK, PNOC
and PDYN precursors, but also contains other non-opioid
peptide sequences such as ACTH and o-MSH, which are
involved in the stress response and stimulate corticosteroid
release [1].

In total, 113 peptide precursors were found to contain two
of the six novel peptide patterns, and 284 other ones match
one of the patterns. These patterns characterize conserved
domains located at different regions of a precursor, and each
of them can exclusively represent an opioid peptide or peptide
precursor protein family.

Apart from PROSITE, there are other motif databases that
have identified motifs for peptide families. The conserved
domain database (CDD) [13] is a collection of multiple
sequence alignments for ancient domains and full-length
proteins, including domains imported from SMART, Pfam and
COGs [18]. Conserved motifs are created based on the multiple
sequence alignments in the form of Position Specific Scoring
Matrix (PSSM). Two motifs in the CDD database represent the
family of opioid and POMC derived peptides, i.e. ‘ACTH_do-
main’ (PF00976) and ‘Vertebrate endogenous opioids neuro-
peptide’ (PF01160). They are 41 and 243 columns (amino acids)
in length respectively, and are imported from Pfam ‘which
contains two additional motifs characterizing this peptide
family including ‘opioids neuropeptide’ (PF08035, 31 amino
acids) and ‘Pro-opiomelanocortin, N-terminal region’
(PFO8384, 45 amino acids). When querying the CDD database
at the NCBI website (http://www.ncbinlm.nih.gov/Structure/
cdd/cdd.shtml) using default parameters, we found that 27
proteins in the family of opioid and POMC derived peptides,
mostly peptide precursor sequence fragments, cannot be
identified by any of the two motifs with a significant score (for
example, e-value <0.01) (for example PENK Q9W687 from
Acipenser transmontanus and horse beta-melanotropin P01202).
When we further searched for these peptides in the Pfam
database itself (http://www.sanger.ac.uk/Software/Pfam/
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search.shtml) by means of the fragment search mode (fs),
none of these 27 proteins that matches one of the 4 Pfam
motifs in this family with bit scores higher than gathering
threshold could be detected.

4.3.2. Second case

The family of FMRFamide and related neuropeptides (FARPs). It is
widely known that FARPs occur throughout the whole animal
kingdom and therefore this family is an ideally suited test case
to check whether the identified pattern is capable of retrieving
FARPs throughout all metazoan species where these peptides
have been sequenced. In total, we could identify 214 FARPs
using the presently identified FARP peptide patterns, and
these FARPs show 605 hits to the patterns due to the presence
of multiple copies of the conserved regions within several
FARP precursor proteins. The identified FARPs distribute
among a wide range of phyla, including Nematoda (85),
Arthropoda (50), Mollusca (24), Annelida (9), Platyhelminthes
(1), Cnidaria (10) and Chordata (35). The Clustal-W multi-
alignment of all these FARP sequences together or within each
of the seven phyla using default parameters (http://www.
ebi.ac.uk/clustalw/) shows that the FARP protein precursors
display sequence similarities within the mature peptide
regions, particularly in the area containing the conserved
peptide patterns, and that the remaining parts of the precursor
sequences display rather low similarities. The FARP peptide
precursors also differ from each other by the number of
peptide repeat units. The difference in the copy number of
peptides is thought to have arisen by unequal crossover events
[11]. We also observed that most of the mature FARP peptides
in Nematoda, Mollusca, Arthropoda, Annelida and Platyhel-
minthes share common C-terminal sequences such as F-
[LVMIFY]-R-Famide, Y-[MLIV]-R-Famide and [LVMI]-{LVMIF}-
R-Famide, but have different N-terminal extensions.

The PROSITE database does not contain a signature
representing the FARP family of peptides and the CCD
database contains an 11-amino-acid motif PFQ1581 that
characterizes FARPs from six phyla including Nematoda,
Mollusca, Arthropoda, Annelida, Platyhelminthes and Cni-
daria. FARPs from Chordata are not retrieved by this CCD
motif, for example FMRFamide-related peptide precursors
Q9HCQ7 from Human and Q9WVAS from Mouse. In addition,
conversely to the present peptide motif database, 49 FARP
peptides or precursor proteins in these above-mentioned six
phyla (for example, the FARP peptide Q9TWD?2 from Lymnaea
stagnalis and a FARP peptide precursor Q95QP2 from C. elegans)
cannot be identified by the CCD motif with a significant score
(e-value <0.01). The CDD motif, which is based on the
alignments of intact precursor proteins, is not sufficient to
identify all members of the FARP peptide family.

5. Discussion

Protein domains are highly conserved throughout evolution
and there are several databases available that catalogue
protein families and domains. Such motif and domain
databases are very useful in assigning a putative function to
an unannotated protein. Peptide precursor proteins are a
special class of proteins because they undergo extensive post-

translational processing before producing final mature pep-
tides making the annotation of peptides and peptide precursor
proteins challenging. This is illustrated by the fact that many
metazoan peptides and peptide precursors are not repre-
sented by the motifs currently present in the widely used
motif database such as the PROSITE database.

Because of the broad functional range of motifs available to
date and because of the wide range of peptide (precursor
protein) families, a comprehensive database of conserved
patterns typical for endogenously occurring mature peptides
will be of great value. We have designed a searching procedure
to find conserved patterns within each of the known peptide
families, and as a result, we have constructed a motif database
comprising 211 patterns that are representatives most
currently known peptide families. In total, 121 novel peptide
patterns are identified as shown in Table 2 covering 3866
bioactive peptides or 3572 peptide precursor proteins in total.
These novel peptide patterns represent 55 peptide families
which can not be identified by the currently available PROSITE
signatures. The peptide pattern for a particular peptide family
in our peptide pattern database often represents a conserved
region different from the pattern reminiscent of the same
family in PROSITE. For instance, the PROSITE pattern for the
somatotrapin peptide family matches 483 proteins, while a
newly identified pattern ‘C-[LIVMFG]-x-[KHRSNDEQVI]-[DEN]-
{CNDEPQ}-{AGLMV1}-[KRMT] - { DENKRHPQ}- x-[STNALIVMF]-
[FYLIVMKS]-[LIMVT}-x-{NDEKRH}-[LIVMATE]-[KRNEQTA]-C'
covers 522 proteins belonging to this peptide family.

Many peptides have been isolated and sequenced as
mature peptides and their precursor proteins are often
unknown as yet. Therefore, these small peptides are difficult
to be identified by CCD or other motif databases. Most of the
conserved motifs in CDD database are long ones attempting to
feature the full-length protein sequences, and thus they can
efficiently identify the proteins which have overall protein
sequence similarities. Motifs in databases such as Pfam
contain two Hidden Marcov Models (HMMs) for each family
based on a multiple protein sequence alignment, one built to
find complete domains {Is mode) and the other to match
fragments of domains (fs mode) [5]. These motifs are sensitive
atidentifying complete domains and thus they can efficiently
identify the proteins which have sequence similarities that
cover the full length protein sequence or at least contain a
complete domain. However, these motifs do not work very
well when they encounter short peptides which lack informa-
tion on amino acids at the sites outside the peptide sequences,
or when the conserved regions are limited, especially in
distantly related proteins where the overall-length sequence
similarity may be not well preserved. For example, in the
family of Opioid and POMC-derived peptides, the six novel
peptide patterns represent not only the peptide precursor
molecules but also the mature fully processed peptides.

Conservative peptide sequence patterns correspond to
functionally and structurally important parts of the peptide,
ie. the binding site to specific receptors, the disulphide bonds
for stability and tertiary structure. The identification of a
peptide motif in proteins will be very useful in designing
experiments to test the function of specific proteins, predict-
ing the structure of proteins, and identifying new members of
protein families. For example, scanning the peptide patterns



against Uniprot protein database revealed 95 proteins (listed in
Tables 1 and 2) which are as yet unannotated as putative
peptide or precursor proteins.

Our pattern search procedure can also be applied to detect
conserved patterns in other peptide families which are not
annotated by peptide keywords, such as accessory gland-
specific peptides and immune-induced peptides.

When determining short functional patterns for peptide
sequences, we have to evaluate whether all peptides or peptide
precursor proteins in the 110 characterized peptide families are
represented by the motifs and whether false positives are
identified by the motifs. Short motifs often have some degree of
degeneracy and the presence of a motifin a protein may reflecta
conserved functional role, a yet to be discovered structural
functional role or a non-functional role. When using the short
currently identified peptide patterns, while the false positives
are kept to zero, we observe that 440 (3.8%) of the mature
peptides or sequence fragments and 282 (2.5%) of the peptide
precursor proteins in these 110 characterized families cannotbe
identified by these peptide patterns. Many of them could be
determined by combining the peptide pattern search procedure
with the structural hallmarks of bioactive peptides and their
precursors [12], such as the length of a peptide precursor which
is usually not longer than 500 amino acids, the presence of a
signal peptide which directs a precursor protein into the
secretary pathway of the cell, and the presence of typical
cleavage sites flanking the mature peptide [12). To be even more
successful in identifying all false negatives while eliminatingall
false positives because of the short length and degeneracy of
most short motifs, it may be possible to make use of 3D
structural patterns when they become available for peptide
precursor proteins. Patterns that integrate 3D structural
information of the pattern sequences will be more sensitive
in identifying the peptide precursors [7,19].

While the majority of known peptide families have been
characterized by the established peptide patterns, a few
peptide families could be missed due to the lack of annotation
information on the members of these corresponding families.
In addition, 297 remaining peptides from 251 precursor
proteins are not processed by the pattern search procedure.
They are from small peptide families, such as eclosion
hormones, ecdysis-triggering hormones and apelin, which
have only a few homologies so far. A pattern based on the
small number of peptides usually cannot gain enough
confidence in representing the subfamily, and also cannot
sufficiently reflect the sequence divergence formed in the
evolutionary course of the family member.

Although our initial training peptide datasets exclusively
consisted of metazoan bioactive peptides, we find it interest-
ing to note that for 14 out of 110 metazoan peptide families,
identified in this study, the corresponding peptide patterns
also retrieves peptides from other kingdoms such as pro-
toctists, fungi and plants. These non-metazoan peptides
include defensins, antibacterial peptides and growth factors.
Numerous growth factors including FGF, NGF, PDGF, and
chemokines were also retrieved from viral genomes. Although
one might immediately classify these proteins as false
positives, further evaluation using CLUSTALW alignments
(http://www.ebi.ac.uk/clustalw/index. html) and careful anly-
sis of GO annotations reveal that molecular functions similar

to their metazoan counterparts have been electronically
annotated to these viral proteins. On the other hand, the
mining result is not surprising as these viral signalling
molecules are probably the result of evolution of recognition
systems by the virus. Viruses identify their host cells by a lock-
and key fit between viral proteins and specific receptor
molecules on the surface of their host cells. It is therefore
no surprise that viral proteins resemble the host’s own
signalling molecules to ensure specific recognition of host
cells, and the viral genes that encode mimics of growth
factors, cytokines and chemokines may have been pirated
from the host genome during the long co-evolution of virus
and host. These findings are in agreement with the recent
identification of viral proteins with homology to cellular
proteins such as chemokines and chemokine receptor-like
chemokinin G-protein coupled receptors in Cytomegalovirus
[20].

The ability to retrieve functionally annotated peptides from
resources, not included in the initial training set further
validates the presently identified peptide patterns. Tables 1
and 2 list the number of proteins in non-metazoa that match
the peptide patterns. The number of all known non-metazoan
proteins sharing a similar molecular function to the metazoan
proteins in the corresponding family is also listed in the
following bracket.

In sum, the present peptide pattern database is widely
applicable for the identification of critical functional residues
in proteins and for annotation of hypothetical proteins using
the novel motifs assembled in our peptide motif database.
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