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Abstract. Neuropeptides are essential cell-to-cell signaling messengers and serve
important regulatory roles in animals. Although remarkable progress has been made
in peptide identification across the Metazoa, for some phyla such as Echinodermata,
limited neuropeptides are known and even fewer have been verified on the protein
level. We employed peptidomic approaches using bioinformatics and mass spec-
trometry (MS) to experimentally confirm 23 prohormones and to characterize a new
prohormone in nervous system tissue fromStrongylocentrotus purpuratus, the purple
sea urchin. Ninety-three distinct peptides from known and novel prohormones were
detected with MS from extracts of the radial nerves, many of which are reported or
experimentally confirmed here for the first time, representing a large-scale study of

neuropeptides from the phylumEchinodermata. Many of the identified peptides and their precursor proteins have
low homology to known prohormones from other species/phyla and are unique to the sea urchin. By pairing
bioinformatics with MS, the capacity to characterize novel peptides and annotate prohormone genes is en-
hanced.
Keywords: Sea urchin, Mass spectrometry, Neuropeptides, Peptidomics, Bioinformatics

Received: 30 September 2017/Revised: 4 December 2017/Accepted: 16 December 2017/Published Online: 17 April 2018

Introduction

Peptides are the most diverse class of cell-to-cell signaling
molecules found in animals. These prohormone-derived mol-

ecules act as neuropeptides, neurotransmitters, neurohormones,
and neuromodulators and play important roles in the regulation
of a variety of physiological processes, such as food intake,
drug addiction, and circadian rhythm [1–5]. At present, more

than 20,000 peptides originating from all classes of animals are
known; however, this knowledge is not spread uniformly
across the metazoan phyla [6]. For instance, our understanding
of neuropeptides from the phylum Echinodermata, which in-
cludes animals like starfish (Asteroidea), sea cucumbers
(Holothuroidea), and sea urchins (Echinoidea), is largely based
on computational analyses of genomic and transcriptomic in-
formation from a few species (reviewed in detail by Semmens
and Elphick [7]), even though echinoderms occupy an inter-
esting position in the Animal Kingdom. Echinoderms are a
unique group of species among deuterostomes that exhibit a
broad diversity of body forms, but share unique characteristics
that distinguish them from other clades of the Animal King-
dom. Unlike other deuterostomes, living echinoderms have a
pentamerous (five-part) radial symmetry (with a few excep-
tions), a water vascular system derived from a central cavity,
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and are propelled by cilia movement. Recent studies of their
molecular phylogeny, nuclear and mitochondrial genomes, and
evolutionary developmental biology have unambiguously
demonstrated that echinoderms and hemichordates form a dis-
tinct new superphylum among deuterostomes, Ambulacraria,
segregating them from other chordates with a bilateral body
plan [8]. Understanding the neuropeptide complement in this
phylummay provide new insight into the origins of the nervous
system and neurogenesis in Metazoa.

Several neuropeptides had been identified previously
from echinoderms using mass spectrometry (MS) and ra-
dioimmunoassay, including the SALMFa-related peptides
found in various starfish, sea cucumbers, and more recently,
in the sea urchin Strongylocentrotus purpuratus [9–11], as
well as the NGFFFa peptide family [12]. Additionally,
genome and transcriptome-wide analyses of proteins in-
volved in neuronal control in S. purpuratus uncovered 20
neuropeptide and hormone precursors [13, 14]. This is in
contrast to the number of neuropeptide precursors identified
in other sequenced invertebrates and vertebrates, including
starfish [15, 16], which ranges between 30 and 100 [17–22].
In addition, 37 neuropeptide and hormone receptors have
been reported based on the S. purpuratus genomic sequence
[13]. The striking variance in the number of discovered
neuropeptides between echinoderms and other sequenced
animals and between receptors and known peptide genes
suggests that a number of prohormone genes and their
related peptides remain to be discovered. To address this
information gap, we utilized a peptidomics approach [18,
23–27] to examine the peptidome of the S. purpuratus ner-
vous system.

Theoretically, the availability of the entire genomic se-
quence from the sea urchin should allow putative peptide
precursors to be mined from the genome via bioinformatic
tools alone. However, in practice, the identification of peptide
precursors solely via computational methods is challenging
because bioactive signaling peptides are typically short in
length, and their active cores are often limited to only a few
amino acids, resulting in incomplete or missed annotations.
Fortunately, this issue is alleviated by employing mass spec-
trometric techniques, particularly when paired with bioinfor-
matic tools and resources, such as genomic/proteomic infor-
mation and databases. De novo sequencing of unassigned
tandem MS (MS/MS) spectra can lead to the structural charac-
terization of unknown peptides and identification of new gene
families that may otherwise be missed. Examples of this strat-
egy were demonstrated in studies using MS and bioinformatic
tools to successfully identify novel prohormones and charac-
terize previously unassigned peptides in the honey bee (Apis
mellifera) [20], planarian (Schmidtea mediterranea) [28], cich-
lid fish (Astatotilapia burtoni) [29], zebra finch (Taeniopygia
guttata) [30], and starfish (Acanthaster planci) [16].

In this work, we extended our previous IggyPep (Indexed
Genomes Gracefully Yield Peptide IDs) methodology [27],
which relied on the translated genome in all six reading frames,
to utilize two-dimensional liquid chromatography (LC) and

MS/MS, combined with enhanced homology-based gene dis-
covery (Fig. 1). We used this multiplatform approach to un-
cover new S. purpuratus prohormones and neuropeptides that
were not identified during the initial IggyPep annotation.

Experimental
Tissue Dissection/Preparation

Wild adult S. purpuratuswere collected from the Pacific Ocean
by Santa Barbara Marine Biologicals (Santa Barbara, CA) and
kept at 15 °C in an aquarium containing continuously circulat-
ing, aerated, and filtered artificial seawater prepared using
Instant Ocean salts (Aquarium Systems Inc., Mentor, OH),
according to manufacturer instructions. Animals were anesthe-
tized by injection of isotonic CaCl2 into the body cavity. Once
spine movement was minimized, demonstrating anesthesia, the
animal’s test (or shell) was equatorially bisected using surgical
scissors. The upper and lower portions of the test were sepa-
rated, the gonads and internal organs removed, and the body
cavity rinsed with ice-cold artificial sea water that consisted of
460 mM NaCl, 10 mM KCl, 10 mM CaCl2, 22 mM MgCl2,
6 mM MgSO4, and 10 mM HEPES, adjusted to pH 7 by
titration with 1 M NaOH. The dissections were performed on
ice and as rapidly as possible to limit protein and peptide
degradation. The water canals covering each radial nerve were
removed with forceps; nerves were separated from surrounding
tissue by cutting along their edges with a scalpel, allowing each
nerve to be lifted with forceps and placed in a centrifuge tube
for peptide extraction. Typically, two or three animals were
dissected for each extraction, with five radial nerves collected
from each animal.

Collected tissues were homogenized and extracted in acid-
ified acetone (60:40:1 acetone/H2O/HCl) at 4 °C as described
elsewhere [27, 31]. Insoluble material was pelleted via centri-
fugation (5804R, Eppendorf, Hamburg, Germany) for 10 min
at 15,000×g. The supernatant was then removed, dried with a
Savant SpeedVac (Thermo Fisher Scientific, Waltham, MA),
and resuspended in minimal 5% acetonitrile (ACN) prior to use
of a 10 kDamolecular weight cut-off filter (Millipore, Billerica,
MA) to remove large proteins from the sample. In order to
increase the coverage of identified prohormones, several MS
instruments were used in these experiments as differing ioni-
zation strategies regularly produce different sets of ions: LC-
electrospray ionization (ESI)-MS systems with either ion trap
(IT) or quadrupole time-of-flight (QTOF) analyzers, or a
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF/TOF) instrument, as detailed below.

LC-ESI-IT-MS/MS

Extracts were separated and analyzed with a capLC
(Micromass, Manchester, UK) HPLC system in-line with a
Bruker HCT Ultra ESI-IT mass spectrometer (Bruker, Billeri-
ca, MA). Portions (10 μL) of the extract were injected using a
manual injector (Valco Instruments Co, Inc., Houston, TX),
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loaded onto a trap column (PepMap, C18, 5 μm, 100 Å,
Dionex, Sunnyvale, CA), and washed for 5 min. The trapped
peptides were then eluted onto a reversed-phase capillary col-
umn (LC Packings 300-μm i.d. × 15 cm, C18 PepMap100,
100 Å, Dionex) at a 2-μL/min flow rate. A 70-min gradient
run for LC separation was used to separate the peptides. MS
data acquisition and the subsequent MS/MS of selected peaks
were performed in a data-dependent manner using the Esquire
software (Bruker). The capillary voltage was set to 3800 v, and
the ion transmission optics were optimized for mass ranges
between m/z 800 and 1000. For each MS scan, three peptides
were selected to be fragmented, for 300 to 500 ms, based on
their charge (preferably 2+) and intensity. Previously
fragmented precursor ions were dynamically excluded for a
period of 60 s to maximize the number of peptides fragmented.
The MS and MS/MS scans were performed in the range of m/z
300 to 1500 and 50 to 2000, respectively.

LC-ESI-QTOF-MS/MS

Two-dimensional capillary LC-MS/MS experiments were con-
ducted with an Ultimate HPLC pump, a column-switching
device (Switchos), and a Famos autosampler (all LC Packings,
the Netherlands) coupled to a hybrid QTOF mass spectrometer
(Micromass, UK). The sample was dissolved in 25 μL of 5%
ACN in water (Sigma-Aldrich, St. Louis, MO) and filtered. A
20-μL volume of this sample was injected onto a 500 μm×
15mmBio-SCX column (Dionex, Sunnyvale, CA) in-line with
a reversed-phase C18 precolumn (μ-guard column, MGU-30

C18, LC Packings, San Francisco, CA) at a flow rate of 30 μL/
min for 10 min with water containing 2% ACN and 0.1%
formic acid (FA). The SCX column was switched off-line
while the reversed-phase precolumn was rinsed for 5 min.
The reversed-phase trapping column was then switched in-
line with a 75 μm× 150 mm C18 capillary column (Thermo
Fisher Scientific). The first fraction comprised those peptides
that did not bind to the SCX column and were immediately
trapped by the reversed-phase column, using a gradient from 2
to 50% ACN containing 0.1% FA and a flow rate at 200 nL/
min over 50 min. The second fraction of peptides was eluted
from the SCX column by injection of 20 μL of 20 mM ammo-
nium acetate solution. The eluted peptides were again concen-
trated and desalted on the C18 precolumn prior to MS analysis.
This cycle was repeated 10 times, including a breakthrough
cycle (no salt), with successive concentrations of 20, 50, 100,
200, 400, 600, 800, 1000, and 2000mM ammonium acetate for
each cycle.

The LC system was connected in series with the ESI inter-
face of the mass spectrometer, and the column eluent was
directed through a stainless steel emitter (Proteon, Denmark).
The needle voltage was set at 1650 V and the cone voltage at
35 V, with nitrogen as the nebulizing gas. Parent ions with two
or three charges were automatically selected for fragmentation
as they eluted from the column. Argon was used as the collision
gas and the collision energy was set at 25–40 eV, depending on
the mass and charge state of the selected ion. The detection
window in the survey scan was set from m/z 400 to 1500.
Fragmentation spectra were acquired from m/z 50 to 2500.

Figure 1. Multi-faceted peptidomics approach to characterization of neuropeptides in the S. purpuratus nervous system. a A
general workflow. b Differences between the bioinformatics methods employed for peptide identification
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LC-MALDI-TOF/TOF-MS

Samples were dissolved in 15 μL of 5% ACN in water and
filtered. Ten microliters of the sample were loaded onto the
guard column with an isocratic flow of 2% ACN in ULC/MS
grade water (Biosolve, Lexington,MA) and 0.1% FA, at a flow
rate of 10 μL/min. After 2 min, the guard column was switched
online with a PepMap C18, 3 μm × 150 mm nanocolumn
(Thermo Fisher Scientific) analytical capillary column. Sepa-
ration was conducted using a linear gradient from 95% solvent
A, 5% solvent B to 5% solvent A, 65% solvent B in 35 min
(solvent A: H20/ACN/FA (94.9:5:0.1, v/v/v); solvent B: ACN/
FA (99.9:0.1, v/v)), at a flow rate of 200 nL/min.

Fractions were collected manually using 15 s intervals on a
ground steel MALDI target plate (MTP 384, Bruker). Prior to
fraction collection, the sample plate was prespotted with α-
cyano-4-hydroxycinnamic acid (CHCA) using 0.5 μL of a 5×
dilution of a saturated solution of CHCA in 100% acetone.
Fractions were collected in the center of each target spot within
10 to 35 min of the LC separation and left to dry, and then
analyzed with the ultraflex II MALDI-TOF/TOF mass spec-
trometer (Bruker). Mass spectra were acquired in reflectron
mode from m/z 750 to 4000. Ions of sufficient intensity were
selected manually for fragmentation analysis.

Genome/Protein Sequences

S. purpuratus nucleic and protein sequences were obtained
from the Sea Urchin Genome Project [32]. Prohormone protein
sequences from vertebrates and mollusks were obtained from
NCBI GenBank [33] and UniProt [34] public sequence depos-
itories and previously published articles [18, 27].

Similarity searches were conducted using the Basic Local
Alignment Search Tool (BLAST) [35]. The default BLAST
settings were modified depending on the length of the query.
For a long query, only the expectation value (e-value) was
increased. Occasionally, the filtering option was turned off in
order to allow low-complexity sequences marked by biased
representation of certain residues (including acidic, basic, or
proline stretches) in the query sequence. For short queries (e.g.,
only when the query was a short peptide), the e-value was
increased to 20,000, the word size decreased to 2, the gap
penalty reduced to 9, and filtering turned off. Proteins identi-
fied from the similarity search were curated into a prohormone
database. The existence and length of each signal peptide were
determined in the predicted prohormone proteins using SignalP
version 4.1 (http://www.cbs.dtu.dk/services/SignalP/) [36].
Cleavage sites were predicted using mollusk models [37]
implemented in NeuroPred [38].

MS Data Analysis

Fragmentation spectra from both the LC-ESI-MS/MS and LC-
MALDI-MS/MS analyses were sent to an in-house Mascot
server [39] (Matrix Science Inc., Boston, MA) for protein and
peptide identification. Pyroglutamic acid (Q), carboxyterminal
amidation, and oxidation of Met were selected as variable

modifications for all identifications due to their prevalence in
known neuropeptides; no processing enzyme was selected.
Pyroglutamination at the N-terminus or amidation at the C-
terminus are two post-translational modifications (PTMs) that
are hallmarks for the secretory pathway and are present in
many bioactive neuropeptides [40, 41].

Two rounds of database searches were performed using
different protein databases and two search engines, Mascot
[39] and PEAKS Studio [42] (Bioinformatics Solutions Inc.,
Canada). For the first round, the protein database consisted of
annotated S. purpuratus proteins obtained from the Sea Urchin
Genome Project [32]. The mass accuracy for precursor ions
was set to 0.3 Da for ion trap spectra and 0.1 Da for spectra
from the QTOF and MALDI-TOF/TOF instruments. The mass
tolerance for fragment ions was set at 0.5 Da for ion trap
spectra, 0.1 Da for spectra from the QTOF instrument, and
0.3 Da for spectra fromMALDI-TOF/TOF instrument. For the
second round, all of the data were searched against a smaller,
targeted database of annotated sea urchin proteins and neuro-
peptide precursors obtained from the previous bioinformatics
analyses. Less stringent parameters were used; 0.5 and 0.3 Da
were used as precursor and fragment mass tolerances, respec-
tively, for data acquired from all instruments because the
presence of these prohormones in the investigated region is
known. This targeted database contained prohormones from
which the neuropeptides identified in the first round were
derived. Criteria to evaluate the quality of identifications from
the MS/MS data included a Mascot peptide score greater than
the significance threshold at an expected value of less than
0.05.

High-quality MS/MS spectra that did not yield any identi-
fication in the Mascot searches were subjected to automated
partial de novo sequencing through annotation using PEAKS
Studio version 5.2 and manual annotation using Bruker
DataAnalysis software (Bruker). Partial sequences obtained
from automated de novo sequencing with a > 80% probability
score are listed in Table S1. These sequences were used to
search the public database resources for homology, both in the
annotated protein database and in the crude genome database.

Results
An MS-based strategy was implemented to investigate the
S. purpuratus central nervous system peptidome. Peptides from
23 precursor proteins were detected; all prohormones were
supported by gene predictions and 17 were supported by
expressed sequence tag information in the UniGene database
(see Table 1). Most of these proteins are expected to be
prohormones due to the presence of a predicted signal peptide
and peptides resulting from cleavage at NeuroPred-predicted
sites (see Supplementary Material). Spurp_10 (secretogranin V
|neuroendocrine protein 7B2 precursor) and Spurp_23 (thymo-
sin beta) lack signal peptides and technically are not
prohormones. It is likely that the deposited Spurp_1 is only
partial because no signal peptide was detected, the predicted
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neuropeptide cleavage sites are located near the end of the N-
terminus, and only two peptides were experimentally detected
from the protein sequence. Finally, Spurp_20 may not be a
prohormone as no signal peptide was predicted and only an N-
terminal peptide was mass-matched to this protein. For several
prohormones, we detected the linker peptide immediately ad-
jacent to the signal peptide; in case of Spurp_8 and Spurp_13,
this allowed us to determine the actual signal peptide cleavage
site, and thus, SignalP predictions were corrected as indicated
in the Supplementary Material. Out of 22 prohormones, four
encode numerous putative amidated peptides (Spurp_11, 13,
14, 24), and the majority of the precursors encode both putative
amidated and non-amidated peptides.

A total of 93 unique peptides were identified, with 59
peptides assigned using Mascot (Table 2). Only eight peptides
were identified with both LC-ESI-MS/MS and LC-MALDI-
MS/MS, 41 peptides identified with LC-ESI-MS/MS, and 10
identified with LC-MALDI-MS/MS. There were 34 tentative
peptides identified from partial de novo tags by PEAKS
(Table S1), and 23 of these peptides originated from proteins
also identified using Mascot, while 11 peptides were matched
to eight proteins not found in Mascot searches. There were 19
peptides with PTMs, including 12 amidated peptides (10 from
Mascot and two from PEAKS), and six peptides with
pyroglutamination at the N-terminus (four from Mascot and
two from PEAKS).

All of the detected peptides were unique to the matched
prohormone, and most peptides were present in a single unique
copy in the prohormone. However, some prohormones

contained multiple copies of the same identified peptide or
peptides with very similar sequences within the respective
protein sequence. Both Spurp_12 (pedal peptide 1/orcokinin-
type neuropeptide precursor) and Spurp_13 (putative
tachykinin-type neuropeptide precursor) contained multiple
copies of the same identified peptide within the respective
protein sequence. For example, the ANMFRSRLRG sequence
w a s r e p e a t e d 1 0 t i m e s i n S p u r p _ 1 3 , a n d
GFNSGAMEPLGAGFFwas repeated eight times in Spurp_12.
These prohormones and other prohormones, such as Spurp_5
(epsin 1-like protein), Spurp_12, and Spurp_13, provided dif-
ferent peptides with similar sequences within the respective
protein sequence. We were able to identify eight and four
peptides from Spurp_12 using Mascot and PEAKS, respective-
ly, resulting in > 75% sequence coverage (see Supplementary
Material). Interestingly, we were able to identify 12 unique
peptides (plus one peptide with oxidation of Met), and one
putative peptide by mass match from another protein annotated
as Spurp_5, with nearly a complete sequence coverage of this
protein (see Supplementary Material). In addition, peptides
from Spurp_5 were located between the dibasic cleavage sites.
These features support Spurp_5 as a prohormone. Spurp_11
encodes numerous copies of QYPG-amide peptide and multiple
other four-amino-acid-long variants of amidated peptides. Un-
fortunately, sequencing of such small peptides on the employed
MS equipment was limited, but we did detect multiple longer
linker peptides from this prohormone.

We experimentally confirmed peptides from Spurp_10
(secretogranin V, also known as 7B2 protein). We found that

Table 1. Sea urchin proteins and prohormones experimentally confirmed by mass spectrometry

Protein symbol Signal peptide Mascot peptides PEAKS peptide NCBI Protein Previously reported NCBI Gene UniGene EchinoBase

Spurp_1 0 4 1 GNOMON:39491338.m M
Spurp_2 28 2 0 XP_011662958.1 M 105437599
Spurp_3 23 1 0 XR_973258.1 M 105445038
Spurp_4 21 2 2 XR_972762.1 M R 753167 Spu.14862
Spurp_5 19 13 1 XP_003727926.1 M R 100889131 Spu.15355 SPU_024381
Spurp_6 27 6 1 XP_001177887.1 M 753529 Spu.24513 SPU_003170
Spurp_7 24 1 0 XR_971714.1 M R 753700 Spu.24538
Spurp_8 24 2 0 XP_001175944.1 M R 752246 Spu.36930
Spurp_9 23 2 2 XR_973850.1 R 752149 Spu.24531
Spurp_10 15 3 1 XP_799858.1 M 575887 Spu.14943 SPU_015798
Spurp_11 15 3 1 NP_001116993.1 M R 580381 Spu.7138 SPU_008352
Spurp_12 29 8 4 XP_785647.1 M R 580501 Spu.9558 SPU_003108
Spurp_13 24 9 7 XP_001199000.1 M R 763123 Spu.15620 SPU_018666
Spurp_14 21 2 3 XP_001198950.2 M 763080 Spu.36923 SPU_021555
Spurp_15 19 1 0 XP_011670672.1 757218 Spu.36964 SPU_009905
Spurp_16 21 0 3 XR_973214.1 M R 752016 Spu.30718
Spurp_17 24 0 1 XP_011677983.1 105444880
Spurp_18 22 0 1 XP_001176371.1 M R 752454 Spu.17285
Spurp_19 21 0 1 XP_011666330.1 764662
Spurp_20 0 0 1 XP_011682716.1 105446953
Spurp_21 22 0 1 XR_972749.1 R 752090 Spu.14945
Spurp_22 25 0 1 XR_971124.1 753482 EC439240.1
Spurp_23 0 0 2 NP_999791.1 M 373484 Spu.3149 SPU_026031
Spurp_24 17 0 0

M: Menschaert, G. et al., A hybrid, de novo based, genome-wide database search approach applied to the sea urchin neuropeptidome. J. Proteome Res. 9, 990-996
(2010)
R: Rowe, M. L. and M. R. Elphick, The neuropeptide transcriptome of a model echinoderm, the sea urchin Strongylocentrotus purpuratus. Gen. Comp. Endocrinol.
179, 331-344 (2012)
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S. purpuratus secretogranin V includes the highly conserved
PPNPCP motif (indicated with an asterisk in Fig. 2a), which is
shared among phyla from Platyhelminthes to Arthropoda and
Chordata, including fishes, frogs, birds, and mammals. As
expected, the cladogram (Fig. 2b) shows that species from the
same phylum are more similar than species from different
phyla.

A prospective prohormone protein was identified through
homology search using bioinformatics without MS support.
Prohormones from the mollusk Aplysia californica were used
here to search the sea urchin contigs because many of the
A. californica prohormones have been well characterized and
contain repeated short peptides separated by basic residues.
Matches with low expectation values (e value < 1 e−4), or those
that contained a pattern of conventional cleavage sites, such as
mono- and di-basic residues, were selected as potential hits. A
sequence match to a molluscan myomodulin prohormone was
identified. The complete prohormone protein sequence was
obtained as Spurp_24, which includes five predicted RFamides
peptides, such as YGSDNRFamide (two copies within the
predicted protein sequence). The putative predicted peptides
were not experimentally detected in radial nerve samples,
however.

Discussion
The interconnected structure of the adult S. purpuratus central
nervous system has been compared to internet cable networks
[13]. Dissecting specific anatomically correct sections of such
structures can be challenging. Nonetheless, the five radial
nerves that line the interior of the test and comprise a significant
portion of its nervous system can be quickly and accurately
isolated in a reproducible manner, minimizing delays during
dissection that lead to increased protein degradation. Because
radial nerve structures are covered by a layer of neurons and are
thought to be involved in overall control, coordination [13, 44],
and photoreception [45], we expected the radial nerves to be a
source of neuropeptide synthesis and major signaling events;
hence, we used these structures for our peptidomic
measurements.

We used both LC-ESI-MS and LC-MALDI-MS to investi-
gate the peptides in the sea urchin radial nerves. The advantage
of using a multiplatform MS approach is that it increases the
number of identified peptides because differing ionization and
detection strategies oftentimes produce overlapping but differ-
ent sets of detected ions from complex biological samples [46,
47]. Eight peptides were detected via both MS methods, and
most proteins were identified by at least one confident peptide
characterized by either MS approach. As shown in Table 1, by
performing complementary MS analyses, the sequence cover-
age for several prohormones was increased. For example, in the
case of the putative tachykinin-type neuropeptide precursor,
LC-MALDI-MS/MS and LC-ESI-MS/MS each detected four
out of nine peptides, with one peptide detected by both ap-
proaches. Moreover, structurally verified peptides fromT
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Figure 2. Evolutionary conservation of secretogranin V proteins among phyla using the ETE3 phylogenetic analysis pipeline (http://
www.genome.jp/tools-bin/ete) with default settings [43]. aPartial sequence alignment reveals that sea urchin secretogranin V shares
a highly conserved motif (marked with asterisks) with mammals, other chordates and arthropods. b Phylogenetic tree for
secretogranin V proteins. Sequence accession numbers: Acorn worm:NP_001161654.1; Alligator:XP_006018554.1;
Amphioxus:XP_019625604.1; Ant:XP_011256505.1; Aplysia_californica:NP_001191628.1; Chicken:NP_001278687.1;
Chimpanzee: NP_001092019.1; Daphnia:KZS15816.1; Drosophila:NP_001014608.1; Honey bee:XP_392155.2; Human:NP_
001138229.1; Mouse:NP_033188.3; Sea_cucumber:PIK61457.1; Sea urchin:XP_799858.1 (Spurp_10); Starfish:XP_022104829.1;
Xenopus:NP_001085080.1; Zebrafish:NP_957020
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Spurp_3, Spurp_11, and Spurp_12 were exclusively identified
from the LC-ESI-MS data, while peptides from Spurp_9 and
Spurp_15 were exclusively identified from the LC-MALDI-
MS data.

We confirmed 16 proteins detected in our previous study
[27] and found one novel protein; of the 16 proteins, nine were
also identified previously by transcriptomic analysis [14].
However, we did not identify peptides from the previously
identified prohormone, New_Precursor_DAGPAWYG, and
this prohormone was also not reported in the sea urchin tran-
scriptome study by Rowe and Elphick [14]. We speculate that
peptides from this prohormone could have been either below
the detection level of this study, localized to other parts of the
nervous system not included in the current study, or expressed
at a different developmental stage of the sea urchin. In addition,
we confirmed that two of the predicted prohormones from the
Rowe and Elphick informatics study [14], Spurp_9 and
Spurp_21, are indeed translated and post-translationally proc-
essed into potential bioactive peptides.

Many of the bioinformatically identified precursor proteins
in the public databases are uncharacterized or show little ho-
mology to known proteins from other species. The vast major-
ity of the sea urchin peptides detected in this work were
consistent with the molluscan prediction models [37] that were
implemented using NeuroPred [38]. In contrast with other
NeuroPred models, these molluscan models failed to predict
cleavage at R-R sites, which is necessary to produce the five
characterized peptides in this study.

Two SALMFamide precursors were identified by Elphick
and coworkers [9, 48]. We confirmed two peptides via Mascot
search and three peptides via PEAKS from the F-type
SALMFamide precursor (Spurp_14) . The F-type
SALMFamide prohormone exists in the GLEAN protein col-
lection as an LFRFamide-like precursor [11]. SALMFamide
peptides act as muscle relaxants in starfish and the edible or
common sea urchin Echinus esculentus [49, 50]. Moreover, the
SALMFamide peptides have different potencies as muscle
relaxants in starfish [50]. The role of F-type SALMFamide in
S. purpuratus remains to be investigated. It will be promising
and interesting to extend a physiological function study of
SALMFamide peptides in S. purpuratus, given its proximity
to starfish phylogenetically. Other than acting as muscle relax-
ants, the SALMFamide peptides were also found to inhibit
reproductive processes in echinoderms when its sequences
were compared with other reproduction-related peptides, the
gonadotropin-inhibitory hormone in chordates, and SIFamide-
type neuropeptides in protostomes [51]. Sequence similarities
were observed across these three types of peptides, suggesting
they might originate and evolve from a common ancestral
signaling system regulating reproduction [48].

Many of the precursor proteins have been listed as
uncharacterized proteins in the NCBI database; thus, we first
looked at annotated proteins. For example, pedal peptide,
which has been found to regulate locomotion in the mollusk,
may be expected to be present in the radial nerves of the sea
urchin and have a similar function [52]. The pedal peptide was

first discovered in A. californica and is involved in the control
of muscle contraction and cilia movement [52, 53]. Therefore,
it is not surprising that similar peptides were found in our
samples since we studied the nerves going to the urchin tube
feet. The effects of pedal peptides on S. purpuratus muscle
contraction and movement merit further investigation. The
presence of the two pedal peptide-type prohormones in
S. purpuratus suggests that pedal peptides originated from a
common ancestor of the Mollusca and Echinodermata. In
addition, Rowe and Elphick [14] found that pedal peptide-
type precursors in nematodes have significant sequence simi-
larities with the pedal peptide precursor in Mollusca and
orcokinin-type neuropeptides in arthropods. This indicates the
presence of pedal/orcokinin-like precursors throughout the
Bilateria. Their findings sparked interest in the study of the
functions of pedal/orcokinin-like peptides in different inverte-
brates, including deuterostomes [54].

The first thyrotropin-releasing hormone (TRH)-like protein
(Spurp_11; NP_001116993.1) in invertebrates was discovered
in our previous study [27], although no peptides were experi-
mentally confirmed, and also byRowe and Elphick [14] in their
sea urchin transcriptome study. We have now detected four
peptides from this prohormone using MS, including three
peptides with pyroglutamination. This protein contains multi-
ple copies of highly similar peptides with the Q[YWF]PGG
sequence between dibasic sites, which closely mirrors the
shorter mammalian thyroliberin peptide sequence, QHPG, also
located between dibasic sites. Similar to thyroliberin, the
Q[YWF]PGG peptides are predicted to be post-translationally
modified with both amidation of the C-terminus and
pyroglutamination of the N-terminus. N-terminal glutamine is
known to undergo pyroglutamination in neuropeptides in other
species [4, 55–57]. However, the modified or unmodified
Q[YWF]PGG peptides were not experimentally detected here
as their molecular masses are below the mass range examined
in this study. TRH has been reported to control the release of
thyrotropin-stimulating hormone and production of prolactin in
the pituitary [58, 59], but little is known about its function in
invertebrates. Burke and coworkers [13] predicted a gene
encoding the TRH receptor in S. purpuratus, suggesting that
this prohormone may produce thyroliberin-like peptides that
are ligands to this receptor.

Few functions of secretogranin V in echinoderms have been
investigated, but its involvement in the regulation of pituitary
hormone processing and secretion has been reported in mam-
mals [60, 61]. In addition to physiological functions, the study
of secretogranin V has been extended into evolutionary as-
pects. Mbikay and coworkers [62] built a phylogenetic tree
using sequences from human, pig, rat, Drosophila,
Caenorhabditis elegans, and Xenopus and revealed that
secretogranin V evolved at a faster rate in invertebrates than
in vertebrates. According to the cladogram shown in Fig. 2b,
the structure of Echinodermata secretogranin V is slightly
closer to vertebrates than arthropods.

We also identified Spurp_24, a potential myomodulin,
which was not originally annotated as a gene product in the

E. B. Monroe et al.: Exploring the Sea Urchin Neuropeptide Landscape by MS 931



NCBI S. purpuratus protein database. Myomodulin peptides
are known to encode the inhibitory peptides acting in muscles
of Mollusca and Arthropoda [63, 64]. Whether or not peptides
from the Spurp_24 protein have similar effects in sea urchin
remains to be investigated.

Conclusions
The sea urchin, S. purpuratus, is the first animal within the
phylum Echinodermata to have its genome sequenced [32].
However, a limited number of neuropeptides and prohormones
have been reported, in contrast to other sequenced species such
as Drosophila melanogaster and S. mediterranea [19, 28, 65].
In this work, we characterized 93 peptides and 24 precursor
proteins from the radial nerves of S. purpuratus by combining
bioinformatics and MS-based peptide discovery tools to facil-
itate the discovery and annotation of new and/or obscure genes,
as well as structural characterization of final gene products. As
we only used radial nerves, neuropeptides found exclusively in
other structures such as the ring nerves would not have been
characterized in our work. Nevertheless, this work represents
the most comprehensive peptidomics study of the sea urchin
S. purpuratus to date.
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