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Abstract
The blue crab Callinectes sapidus has been used as an experimental model organism for the study
of regulation of cardiac activity and other physiological processes. Moreover, it is an economically
and ecologically important crustacean species. However, there was no previous report on the
characterization of its neuropeptidome. To fill in this gap, we employed multiple sample
preparation methods including direct tissue profiling, crude tissue extraction and tissue extract
fractionation by HPLC to obtain a complete description of the neuropeptidome of C. sapidus.
Matrix-assisted laser desorption/ionization (MALDI)-Fourier transform mass spectrometry
(FTMS) and MALDI-time-of-flight (TOF)/TOF were utilized initially to obtain a quick snapshot
of the neuropeptide profile, and subsequently nanoflow liquid chromatography (nanoLC) coupled
with electrospray ionization quadrupole time-of-flight (ESI-Q-TOF) tandem MS analysis of
neuropeptide extracts was conducted for de novo sequencing. Simultaneously, the pericardial
organ (PO) tissue extract was labeled by a novel N, N-dimethylated leucine (DiLeu) reagent,
offering enhanced fragmentation efficiency of peptides. In total, 130 peptide sequences belonging
to 11 known neuropeptide families including orcomyotropin, pyrokinin, allatostatin A (AST-A),
allatostatin B (AST-B), FMRFamide-like peptides (FLPs), and orcokinin were identified. Among
these 130 sequences, 44 are novel peptides and 86 are previously identified. Overall, our results
lay the groundwork for future physiological studies of neuropeptides in C. sapidus and other
crustaceans.
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1. Introduction
Crustacean neurosecretory systems synthesize and secrete a diverse class of peptide
hormones that play important roles in regulating physiological activities such as
reproduction, development, molting, growth, aggression, and adaptation [7, 23, 30–32, 39].
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Blue crabs, Callinectus sapidus, are a model organism that is frequently used to study the
effects of neuropeptides on many physiological processes. For example, previous research
using blue crabs as the experimental model system showed that the rhythmic contractions of
heart are neurogenic, driven by rhythmic motor patterns generated by the cardiac ganglion
(CG) and could be modulated by neurotransmitters and neuropeptides [10–12, 18]. In
another study, blue crabs were employed to study the induction of courtship display
behavior by multiple neuropeptides and neuromodulators [43, 44]. Comprehensive
neuropeptidomic information would greatly facilitate these studies. In addition to being an
important experimental model organism, blue crabs have also long served as a major
commercial species in fisheries and aquaculture. However, due to overharvesting and
environmental contamination, adult populations of blue crabs are decreasing [1, 29]. A
better understanding of the basic biology involved in the blue crab lifecycle and behavior
will contribute to improving the blue crab aquaculture and replenishing the declining
population. Therefore, profiling the neuropeptidome of blue crabs is essential to expanding
our knowledge of neuropeptides implicated in blue crab neurobiology.

The crustacean pericardial organ (PO) is a well-defined neuroendocrine site that controls the
secretion of various crustacean neuropeptides [4, 9, 15, 35, 36]. Many studies have reported
the identification of specific neuropeptide families in this essential endocrine organ, such as
FLPs, orcokinin and allatostatins, etc. [6, 7, 13, 14, 22, 24–28, 36, 37]. Previous studies of
neuropeptide families in decapod crustacean provide a foundation and methodologies for
blue crab PO neuropeptide profiling using multifaceted mass spectrometric strategies [15,
27]. In this study, we employ two dimensional reversed-phase liquid chromatography (2D
RP-LC) and dimethylated leucine (DiLeu) chemical derivatization to complement and
augment the aforementioned methodologies. 2D RP-LC provides better neuropeptide
separation for MS analysis than 1D RP-LC [41, 46], while derivatization using DiLeu
facilitates neuropeptide fragmentation upon tandem MS (MS2) which makes de novo
sequencing less complicated compared to unlabeled neuropeptides [16, 17]. DiLeu, a new
type of 4-plex isobaric tandem mass (MS2) tag, was recently developed in our lab. MS2

spectra of labeled neuropeptides exhibit intense signature reporter ions (m/z 114) that can be
used as a check mark of a labeled neuropeptide. DiLeu labeling also improves neuropeptide
fragmentation that is beneficial for de novo sequencing [40, 45].

In this paper, blue crab PO neuropeptidome characterization was carried out by a
multifaceted mass spectrometric strategy facilitated with DiLeu labeling. PO tissue and
tissue extract as well as fractions of reversed-phase HPLC separation of tissue extract were
screened using a high throughput matrix-assisted laser desorption/ionization time-of-flight/
time-of-flight mass spectrometer (MALDI-TOF/TOF). Accurate masses of neuropeptides
were determined by a high-resolution, high mass accuracy MALDI Fourier transform mass
spectrometer (FTMS). Subsequently, tissue extract and HPLC fractions as well as DiLeu
labeled tissue extract were analyzed with nanoflow liquid chromatography electrospray
ionization quadrupole time-of-flight (nanoLC-ESI-Q-TOF) mass spectrometer to generate
tandem mass spectra for de novo sequencing. Using this combined approach, 130 peptides
were identified from the blue crab PO including 44 new peptides to this species. Our data
greatly expand the catalog of peptide hormones known to be present in C. sapidus and also
provide a foundation for future studies of peptide functions in this species.

2. Materials and methods
2.1 Materials

Methanol (Catalog No.: AC61009-0040 HPLC Grade), acetonitrile (ACN, Catalog No.:
AC610010040 HPLC Grade for HPLC and A955-4 Optima for UPLC), formic acid (Catalog
No.: AC14793-2500 99% for HPLC and A117-50 Optima for UPLC) and acetic acid
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(Catalog No.: A38S-212) were purchased from Fisher Scientific (Pittsburgh, PA). Gelatin
was purchased from BD (Franklin Lakes, NJ) (Catalog No.: 214340). 2, 5-dihydroxybenzoic
acid (DHB) was obtained from MP Biomedicals, Inc. (Solon, OH) (Catalog No.: 212011).
α-cyano-4-hydroxy-cinnamic acid (CHCA) was purchased from Sigma-Aldrich (St. Louis,
MO) (Catalog No.: 28166-41-8). Acidified methanol was prepared using 90% methanol, 9%
glacial acetic acid, and 1% water. All water used in this study was doubly distilled on a
Millipore filtration system (Bedford, MA). C18 ziptips were purchased from Millipore
(Billerica, MA) (Catalog No.: ZTC18S096). Peptide standards were synthesized by the
Peptide Synthesis Facility at the Biotechnology Center, University of Wisconsin at Madison
(Madison, WI).

2.2 Animals and dissection
C. sapidus (blue crabs) were obtained from commercial food market and maintained without
food for seven days in artificial sea water at 10–12°C. Animals are cold-anesthetized by
packing on ice for 15–30min before dissection. The animal was then pinned ventral side up
in a Sylgard-lined dissection dish to expose the pericardial cavity. The POs were identified
visually as an iridescent web of nerves branching over the muscles surrounding the
pericardial cavity and dissected free. All dissection was carried out in chilled (approximately
4°C) physiological saline (composition in mM: NaCl, 440; KCl, 11; MgCl2, 26; CaCl2, 13;
Trizma base, 11; maleic acid, 5; pH 7.45).

2.3 Direct tissue analysis and tissue extract analysis
Small pieces of POs were dissected, followed by brief rinsing in acidified methanol for
peptide extraction and subsequently rinsing in 10 mg/mL of 2, 5-dihydroxybenzoic acid
(DHB), to remove the extracellular salts associated with the tissue samples. For direct tissue
analysis, small pieces of tissue were transferred onto a MALDI sample plate followed by
application of 150mg/mL DHB matrix solution (in 50/50 methanol /water) for MALDI-
FTMS and 5mg/mL CHCA (in 50/50 ACN /water) for MALDI-TOF/TOF MS. For tissue
extract analysis, acidified methanol was used for homogenization of neural tissues, followed
by centrifugation at 16,000xg using Eppendorf 5415D tabletop centrifuge (Eppendorf AG).
The pellet was washed with acidified methanol, supernatant were combined for further
drying in Savant SC 110 SpeedVac concentrator (Thermo Electron Corporation) and re-
suspended with 50 µL of 0.1% formic acid in water.

2.4 Fractionation of tissue extracts using reversed phase (RP)-HPLC
The resuspended extracts were then vortexed and briefly centrifuged. The resulting
supernatants were subsequently fractionated via high performance liquid chromatography
(HPLC). HPLC separations were performed using a Rainin Dynamax HPLC system
equipped with a Dynamax UV-D II absorbance detector (Rainin Instrument Inc., Woburn,
MA). The mobile phases included: Solution A (de-ionized water containing 0.1% formic
acid) and Solution B (ACN containing 0.1% formic acid). About 50 µL of extract was
injected onto a Macrosphere C18 column (2.1 mm i.d. × 250 mm length, 5 µm particle size;
Alltech Assoc. Inc., Deerfield, IL). The separations consisted of a 120 minute gradient of 5–
95% Solution B. Fractions were automatically collected every two minutes using a Rainin
Dynamax FC-4 fraction collector. Fractions were further dried in a Savant SC 110
SpeedVac concentrator (Thermo Electron Corporation) and resuspended with 10 µL of 0.1%
formic acid.

2.5 MALDI-FTMS and direct tissue analyses
MALDI-FTMS experiments were performed on a Varian/IonSpec ProMALDI Fourier
transform mass spectrometer (Lake Forest, CA) equipped with a 7.0 Tesla actively-shielded
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superconducting magnet. The FTMS instrument contains a high pressure MALDI source
where the ions from multiple laser shots can be accumulated in the external hexapole storage
trap before the ions are transferred to the ICR cell via a quadrupole ion guide. A 355 nm Nd:
YAG laser (Laser Science, Inc., Franklin, MA) was used to create ions in an external source.
The ions were excited prior to detection with an rf sweep beginning at 7050 ms with a width
of 4 ms and amplitude of 150 V base to peak. The filament and quadrupole trapping plates
were initialized to 15 V, and both were ramped to 1V from 6500 to 7000 ms to reduce
baseline distortion of peaks. Detection was performed in broadband mode from m/z 108.00
to 2500.00.

Off-line analysis of HPLC fractions was performed by spotting 0.3 µl of HPLC fractions on
the MALDI sample plate and adding 0.3 µl of the saturated DHB. The resulting mixture was
allowed to crystallize at room temperature. The MALDI-FTMS analysis was then performed
as described above.

2.6 MALDI-TOF/TOF
A model 4800 MALDI-TOF/TOF analyzer (Applied Biosystems, Framingham, MA)
equipped with a 200 Hz, 355 nm Nd:YAG laser was used for direct peptide profiling of
neural tissues and HPLC fraction screening. Acquisitions were performed in positive ion
reflectron mode. Instrument parameters were set using the 4000 Series Explorer software
(Applied Biosystems). Mass spectra were obtained by averaging 1000 laser shots covering
mass range m/z 500–4000. MS/MS was achieved by 1 kV collision induced dissociation
(CID) using air as collision gas.

2.7 NanoLC-ESI-Q-TOF
Nanoscale LC-ESI-Q-TOF MS/MS was performed using a Waters nanoAcquity UPLC
system coupled to a Q-TOF Micro mass spectrometer (Waters Corp., Milford, MA). 2D-
chromatographic separations were performed on a homemade C18 reversed phase capillary
column (75 µm i.d. x100 mm length, 3 µm particle size, 100Å) as second dimension
separation in addition to the first HPLC separation mentioned above. The mobile phases
used were: (A) 0.1% formic acid in deionized water; (B) 0.1% formic acid in ACN. An
aliquot of 5.0 µl of a tissue extract or HPLC fraction was injected and loaded onto the trap
column (Zorbax 300SB-C18 Nano trapping column, Agilent Technologies, Santa Clara, CA)
using mobile phase A at a flow rate of 10 µl/min for 10 minutes. Following this, the stream
select module was switched to a position at which the trap column came in line with the
analytical capillary column, and a linear gradient of mobile phases A and B was initiated.
For neuropeptides, the linear gradient was from 5% buffer B to 45% buffer B over 90 min.
The nanoflow ESI source conditions were set as follows: capillary voltage 3200 V, sample
cone voltage 35 V, extraction cone voltage 1 V, source temperature 100°C, Data dependent
acquisition was employed for the MS survey scan, selection of three precursor ions and
subsequent MS/MS of the selected parent ions. The MS scan range was from m/z 400–1800
and the MS/MS scan was from m/z 50–1800.

2.8 DiLeu labeling
Synthesis of DiLeu label is described elsewhere [45]. Tissue extract of five pairs of POs was
labeled by 25 µL of DiLeu labeling solution (1mg/ml DiLeu in dry DMF). Sample was
labeled at room temperature for 1 h and quenched for 30 min by adding 100 µL of water.
Labeled sample was dried under SpeedVac and reconstituted with 40 µL of 0.1% FA for
nanoLC-ESI-Q-TOF analysis.
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2.9 Peptide sequencing and database searching
De novo sequencing was performed using a combination of MassLynx™ 4.1 PepSeq
software (Waters) and manual sequencing. Tandem mass spectra acquired from the ESI-Q-
TOF were first deconvoluted using MaxEnt 3 software (Waters) to convert multiply charged
ions into their singly charged forms. The resulting spectra were pasted into the PepSeq
window for sequencing analysis. The candidate sequences generated by the PepSeq software
were compared and evaluated for homology with previously known peptides. The online
program blastp (National Center for Biotechnology Information, Bethesda, MD;
http://www.ncbi.nlm.nih.gov/BLAST/) was used to search the existing NCBI crustacean
protein database, using the candidate peptide sequences as queries. For all searches, the
blastp database was set to non-redundant protein sequences (i.e. nr) and restricted to
crustacean sequences (i.e. taxid: 6657). Peptides with partial sequence homology were
selected for further examination by comparing theoretical MS/MS fragmentation spectra
generated by PepSeq with the raw MS/MS spectra. If the fragmentation patterns did not
match well, manual sequencing was performed.

2.10 MS imaging
Immediately following dissection, the pericardial organ was rinsed briefly in deionized
water to eliminate salt content. Tissues were dehydrated in a desiccator for 1 h prior to
matrix application. An airbrush was used to spray coat the tissues with DHB. The airbrush
was held perpendicular to the MALDI plate at a distance of 35 cm, and the flow rate of
matrix was adjusted so that most of the matrix solvent evaporated before reaching the plate.
Five coats of matrix were applied by spraying each sample for 30 s with 1 min dry time
between each application.

A model 4800 MALDI-TOF/TOF analyzer was used for all mass spectral analyses.
Acquisitions were performed in positive ion reflectron mode. Instrument parameters were
set using the 4000 Series Explorer Software (Applied Biosystems). The tissue region to be
imaged and the raster step size were controlled using the 4800 imaging application
(Novartis, Basel, Switzerland) available through the MALDI MSI web site
(www.maldi-msi.org). To generate images, spectra were collected at 100 µm intervals in the
x and y dimensions across the surface of the sample. Each mass spectrum was generated by
averaging 250 laser shots over the mass range m/z 800–2000. Mass spectra were externally
calibrated using peptide standards applied directly to the stainless steel MALDI target.
Image files were processed, and extracted ion images were created using the TissueView
software package (Applied Biosystems, Framingham, MA).

3. Results
3.1 Enhancing neuropeptidome coverage in C. sapidus using a combination of microscale
separation methods and complementary mass spectral techniques

In this study, 87 neuropeptides were identified from the PO without derivatization, including
73 previously known peptides in C. borealis and C. maenas and 14 novel peptides sequenced
for the first time. Table 1 showed the complete list of neuropeptides sorted in families.
Without derivatization (denoted as U), 87 neuropeptides from 11 neuropeptide families were
identified as shown, using three different mass spectrometers by analyzing neural tissue
directly, crude tissue extract and HPLC fractions of tissue extract.

Figure 1 shows representative mass spectra of direct tissue analysis of the PO with MALDI-
TOF/TOF. Different areas of tissue give rise to significantly different neuropeptide profiles
due to the differential distribution of neuropeptide families and isoforms from the same
peptide family [3, 8, 47]. For example, Figure 1(a) shows 38 neuropeptides from 8 families
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while Figure 1(b) only shows 20 peptides from 6 families from distinct regions of the PO.
However, Figure 1(b) shows four unique neuropeptides not detected in Figure 1(a).

2D RP-LC enabled the detection of many more neuropeptides. Figure 2 shows the mass
spectra of the PO crude extract and fractions after off-line HPLC separation. Five additional
neuropeptides as shown in red were detected by MALDI-FTMS in a single HPLC fraction
#15 compared to crude extract shown in Figure 2(a). Overall, after 2D RP-LC separation, 47
neuropeptides were detected in all 70 HPLC fractions compared to 26 neuropeptides
detected in crude extract by MALDI-FTMS. Similarly, 57 neuropeptides were detected in
HPLC fractions by ESI-Q-TOF tandem MS compared to 23 neuropeptides identified in
crude extract (data not shown).

3.2 Tandem MS sequencing of peptides in C. sapidus by a multifaceted MS-based strategy
3.2.1 The MS/MS sequencing of orcokinins—Eighteen orcokinins were sequenced
from the POs of C. sapidus, among which 15 were previously identified orcokinins from C.
borealis or C. maenas, 3 novel orcokinins including DEIDRSGFGFA, DFDEIDRSSFA and
NFDEIDRSSFGF were detected in C. sapidus. Most of the sequences identified share the
conserved N-terminal sequence of NFDEIDR present in insects and crustaceans. Some of
the isoforms such as DFDEIDRSSFA lack the conserved N-terminal motif but exhibit C-
terminal sequence homology with other orcokinins. Although most orcokinins contain C-
terminal free carboxylic acid, some of them are C-terminally amidated such as
NFDEIDRSGFamide and NFDEIDRSSFamide, which occurs via posttranslational
modification and may exhibit additional stability of the peptides.

3.2.2 Sequencing of FLPs (FMRFamide-like peptides) in C. sapidus—FLP
(FMRFamide-like peptides) is a peptide family with the conserved C-terminal sequence, –
XRFamide. Here, 22 FLPs were sequenced with 20 previously identified peptides and two
novel peptides LRNLRFamide and APQGNFLRFamide, which were identified in C.
sapidus for the first time.

3.2.3 Sequencing of truncated myosuppressin peptides in C. sapidus—
Myosuppressin is a subfamily of FLPs (FMRFamide-like peptides). Both
QDLDHVFLRFamide and pQDLDHVFLRFamide are known isoforms in crustaceans [38].
Here, both of QDLDHVFLRFamide and pQDLDHVFLRFamide were detected in C.
sapidus PO. In addition, two truncated myosuppressin neuropeptides pQDLDHVFLR and
HVFLRFa were sequenced via ESI-Q-TOF after 2D-LC separation. In the truncated peptide
pQDLDHVFLR, the N-terminal sequence was conserved while the C-terminal motif Famide
was missing.

3.2.4 Sequencing of Arg-Tyr-amide (RYamides) in C. sapidus—RYamides is a
peptide family possessing the –XRYamide C-termini motif (where X is a variable amino
acid). This family was recently discovered to be involved in feeding process [2, 5]. In this
study, eight RYamides were identified. Among them, FVGGSRYamide, FYANRYamide,
SGFYAPRYamide, SGFYANRYamide, pEGFYSQRYamide and SSRFVGGSRYamide
were previously identified in other crustaceans, and two peptides VGFYANRYamide,
SRFVGGSRYamide were de novo sequenced for the first time.

3.2.5 Other peptides—In addition to the peptides described above, several previously
known peptides such as proctolin (RYLPT m/z 649.37), pyrokinin (TNFAFSPRLamide m/z
1051.57), crustacean cardioactive peptide (CCAP, PFCNAFTGCamide m/z 956.40),
Orcomyotropin (FDAFTTGFGHS, m/z 1186.52), were also detected. The recently
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sequenced peptides HL/IGSL/IYRamide (m/z 844.48) [15] and KIFEPLRDKNL (m/z
1372.79)[26] were also identified (Table 1).

3.2.6 The MS/MS sequencing of AST-A and AST-B neuropeptides—Sixteen
AST-A and 13 AST-B neuropeptides were sequenced from the POs of C. sapidus, among
which there were 12 previously identified AST-A and 11 AST-B peptides from C. borealis
or C. maenas, four novel AST-A and two novel AST-B peptides from C. sapidus. The -
YXFGLamide C-termini (where X is a variable amino acid) classify A-type allatostatin
while the C-terminal motif -W(X)6Wamide (where X indicates variable amino acids)
represents a hallmark of the B-type allatostatin neuropeptides [34]. However, the
fragmentation of allatostatin was poor as shown in the top panel of Figure 3(a) and (b),
which made the de novo sequencing of these two families particularly difficult and therefore
many potential neuropeptides from these families may be missed. In order to obtain more
comprehensive neuropeptidome coverage, DiLeu labeling was employed as a derivatization
method to facilitate neuropeptide fragmentation upon tandem mass spectrometry (MS2).

3.3 DiLeu labeling reaction facilitates de novo sequencing of FLPs and AST family
neuropeptides

A total of 73 peptide sequences covering eight known neuropeptide families including AST-
A type, AST-B type, FMRFamide-like, RYamide, orcokinin, orcomyotropin, SIFamide and
CCAP were identified from the DiLeu labeled PO samples. These sequences are listed in
Table 1 (denoted as L). Novel sequences are shown in red while overlapping sequences from
both labeled and unlabeled samples are shown in grey shade. Among these 73 sequences, 34
are novel peptides and they belong to five families: AST-A, AST-B, FMRFamide-like,
RYamide and SIFamide. As shown in Figure 3(a) and 3(b), the fragmentation is highly
improved after DiLeu labeling of these peptides. Figure 3(a) shows tandem MS spectra of
AST-A NPYSFGLa before (top panel) and after (bottom panel) labeling. As seen, five
fragment ions at very low abundance were observed without labeling. In contrast, all b-ions
were detected at very high abundance together with two y-ions upon DiLeu labeling
derivatization. The intense signature reporter ion (m/z 114) in MS2 spectrum was used as a
marker of labeled peptides. All peptides sequenced after DiLeu labeling contain m/z 114 in
their MS2 spectra except the N-terminal pGlu-modified peptides pQDLDHVFLRFa and
pEGFYSQRYa which cannot be labeled. One of the novel AST-B type peptides,
SGDWSSLRGAWa, was sequenced from both labeled and unlabeled PO samples as shown
in Table 1. This peptide was detected at a relatively high level in the PO tissue as shown in
Figure 1, as well as in crude tissue extract and HPLC fractions as shown in Figure 2. To
further confirm the sequence of this novel peptide, the MS/MS fragmentation patterns of the
synthesized standard (Figure 3(c), top panel) and the endogenous peptide from real
biological samples (Figure 3(c), bottom panel) are compared. As shown in Figure 3(c), these
two spectra exhibit almost identical fragmentation patterns, including y1, y5–y8, b1–b4, b8–
b10, which confirms the sequence of this novel peptide. Using DiLeu labeling, 15 novel
AST-A and four novel AST-B neuropeptides were sequenced as compared to only four
AST-A and two AST-B peptides without labeling. Similarly, 13 novel FLPs were sequenced
after DiLeu labeling compared to only two novel ones without labeling.

3.4 MALDI-MS imaging of C. sapidus PO
Figure 4 shows the localization of three major neuropeptide families in C. sapidus PO: AST-
B, RYamide and FLPs, all of which are shown to be involved in feeding behavior of
crustaceans based on previous reports [2, 5, 19, 42]. Several isoforms of the AST-B family
display colocalization patterns in the PO, including VPNDWAHFRGSWamide (m/z
1470.70), AGWSSMRGAWamide (m/z 1107.52), and a novel isoform,
SGDWSSLRGAWamide (m/z 1220.58), with a high concentration in the posterior bar
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region, dorsal trunk and anterior bar region. RYamides, including FVGGSRYamide (m/z
784.41), SGFYANRYamide (m/z 976.46) and pEGFYSQRYamide (m/z 1030.45), have
been localized in the ventral trunk. The FLPs also show colocalization patterns of several
isoforms in the PO, including NRNFLRFamide (m/z 965.54), GNRNFLRFamide (m/z
1022.56) and GAHKNYLRFamide (m/z 1104.61), which are most prevalent in the trunk and
posterior bar region of the PO.

4. Discussion
4.1 Enhancing neuropeptidome coverage in C. sapidus using a combination of microscale
separation methods and complementary mass spectral techniques

The combined mass spectrometric approach involving MALDI-FTMS, MALDI-TOF/TOF
and nanoLC-ESI-Q-TOF was employed in this study for comprehensive characterization of
neuropeptides expressed in the PO of C. sapidus. With the high resolution and mass
accuracy of MALDI-FTMS, high sensitivity of MALDI-TOF/TOF and de novo sequencing
capability of nanoLC-ESI-Q-TOF, 87 neuropeptides were identified from the PO without
derivatization, including 73 previously known peptides in C. borealis and C. maenas and 14
novel peptides sequenced for the first time as listed in Table 1. The use of multiple mass
spectrometers offers complementary detection of neuropeptides. NanoLC-ESI-Q-TOF
identified many neuropeptides that were not detected by MALDI-FTMS and MALDI-TOF/
TOF, thanks to the employment of the 2D RP-LC separation, where the additional LC
separation further reduces the sample complexity. Moreover, the ionization mode of ESI
gives rise to multiply-charged ions offering more efficient fragmentation, which makes it a
better ionization method than MALDI for de novo sequencing. On the other hand, MALDI-
FTMS and MALDI-TOF/TOF enabled the detection of some neuropeptides that were
missed in ESI-Q-TOF which may be due to greater sample loss caused by an additional LC
separation, especially for low abundance neuropeptides. Overall, 66 neuropeptides were
identified in ESI-Q-TOF, 54 were identified in MALDI-FTMS and 66 were detected in
MALDI-TOF/TOF.

In order to obtain more complete neuropeptide profiles, multiple sample preparation
methods including direct tissue profiling, tissue extract analysis, and fractions from off-line
HPLC separation were used in this study. As an initial screening method, direct tissue
analysis by MALDI-TOF/TOF and MALDI-FTMS provides a quick snapshot of the peptide
profiles and accurate mass measurements to identify numerous previously known
neuropeptides from multiple peptide families. However, its coverage is limited due to the
heterogeneity of tissues. Tissue extract analysis, on the other hand, can provide a more
complete profile of peptides present in the whole tissue, especially for larger size tissues
with heterogeneity such as the PO or the brain. The indispensability of tissue extract analysis
can be better illustrated in Figure 1 which shows that different neuropeptides are present in
different areas of the PO as revealed by direct tissue analysis. In tissue extract analysis,
tissues were homogenized and extracted with acidified methanol, which usually requires
more tissue samples than the direct tissue analysis. Nevertheless, tissue extract analysis
reduces the individual variability of a single tissue. More importantly, it is compatible with
further separation and its coupling to MS detection such as nanoLC-ESI-Q-TOF analysis.

For complex neural tissues such as the PO, the spectral quality of direct tissue analysis and
crude tissue extract analysis is often compromised by salt and lipid interference. Further
separation is necessary to reduce the interference and generate better neuropeptide profiles.
In this study, 2D RP-LC including an off-line reversed phase HPLC and an on-line nanoLC
coupled to ESI-Q-TOF was employed prior to MS analysis to reduce chemical complexity
and offer an expanded dynamic range in the MS detection. Employing the additional off-line
HPLC besides the online nanoLC results in the detection of many more peptides in ensuing
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fractions compared to the crude tissue extract, due to the extra separation step and further
elimination of lipid interference and chemical complexity. As shown in Figure 2 more
neuropeptides were detected in HPLC fractions compared to crude tissue extract by
MALDI-FTMS. This result highlights the advantage of fractionation of complex tissue
extracts to improve peptide coverage. With 2D RP-LC separation, 57 neuropeptides were
identified in HPLC fractions via ESI-Q-TOF tandem MS. As a comparison, 23
neuropeptides were detected in crude tissue extract, separated solely by nanoLC coupled to
ESI-Q-TOF, suggesting better separation power of 2D RP-LC. On the other hand, many
neuropeptides were only detected in crude tissue extract, which largely due to sample loss
during HPLC fractionation and the relatively low concentration after HPLC fractionation.
This significantly impacts the detection of certain neuropeptides, especially those with low
abundances.

The combination of microscale separation methods and complementary mass spectral
techniques provides enhanced neuropeptidome coverage. However, for certain
neuropeptides, such as neuropeptides from AST-A and AST-B peptide families, the
identification and de novo sequencing suffer from their poor fragmentation as shown in top
panel of Figure 3(a) and (b). Previous work in our lab showed that N, N-dimethylation
facilitates neuropeptide fragmentation upon tandem MS (MS2), which makes de novo
sequencing less complicated compared to unlabeled neuropeptides [16, 17]. Here, we
employed dimethylated leucine (DiLeu) chemical modification, a novel labeling technique
developed in our lab recently [45], to provide complementary sequence information for
these peptide families.

4.2 DiLeu labeling reaction enhances fragmentation efficiency and facilitates de novo
sequencing of FLPs and AST neuropeptides in C. sapidus

Our previous study showed that DiLeu labeling offers improved fragmentation efficiency
and thus facilitates neuropeptide de novo sequencing [45] which is essential for
neuropeptide discovery of C. sapidus due to the limited genomic information for this
species. Here, DiLeu labeling was used as a parallel approach to label free method presented
in previous section, providing complementary information for de novo sequencing to
enhance the confidence of peptide fragment assignments and discover novel neuropeptide
family members.

Thirty sequences in 7 families were found to overlap by the direct comparison of labeled and
unlabeled samples (grey shaded in Table 1). Two sequences in AST-A and AST-B type
neuropeptide families were selected to demonstrate the MS2 fragmentation improvement
(Figure 3(a) and (b)). The substantial enhancement of N-terminal fragment ion signals and
simplified fragmentation patterns are likely due to a combination of stabilized b/a-type
fragment ions by dimethyl groups and reduced gas-phase fragment ion cyclization and
subsequent sequence scrambling with blocked N-terminus upon DiLeu labeling [20]. Our
results indicated that DiLeu labeling significantly enhanced the fragmentation of the AST-A,
AST-B types neuropeptides and FLPs, leading to more confident peptide fragment
assignments. One novel AST-B type sequence (SGDWSSLRGAWa m/z 1220.58) was
identified among these overlapping peptides. This novel sequence was also confirmed by
reductive dimethylation of blue crab PO extract (data not shown). Because two chemical
modification approaches and the label free method yielded the same peptide sequence, the
confidence of the correctly assigned novel sequence is very high. Further confirmation of
this sequence was performed by comparing MS2 pattern of synthesized standard and
putative peptide from real sample, in this case the HPLC fraction of the PO extract. The
results in Figure 3(c) show almost identical fragmentation patterns and confirm the assigned
sequence.
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Thirty-eight novel sequences were elucidated from DiLeu labeled PO samples covering five
neuropeptide families. The greater number of identified peptide sequences is due to a
combination of higher ionization efficiency and better fragmentation of peptides after DiLeu
labeling. In general, N, N-dimethylation of amino acids makes their N-terminal nitrogen
atoms more electron rich than non-derivatized amino acids. Coupling dimethylated amino
acids to the N-terminus of a peptide increases its basicity, which improves ionization
efficiency compared to non-derivatized peptides. Increased ionization efficiency enabled
peptides present in lower abundances to be detected, thus resulting in more peptides being
observed after DiLeu labeling. Greater peptide precursor ion signals also helped improve
fragmentation and enabled better sequence elucidation. Overall, DiLeu labeling showed
great utility in neuropeptide discovery and de novo sequencing.

4.3 MALDI-MS imaging of neuropeptides in C. sapidus PO
Previous immunocytochemical [21, 33] and mass spectral [15, 24, 26, 27] studies showed
that a rich source of neurohormones exists in the PO of crustaceans and they are sorted as
families based on their sequence homology. Typically, isoforms of the same peptide family
are co-localized since they are encoded by the same neuropeptide precursor gene. However,
differential localization of members from the same peptide family has been reported [3, 8,
47], which may be caused by tissue-specific processing of neuropeptide prohormones and
may suggest different function of isoforms despite their sequence similarity. MALDI mass
spectral imaging (MSI) can distinguish specific isoforms of the same peptide family in
contrast to immunocytochemistry. Furthermore, it offers higher throughput due to its
capability of simultaneously detecting multiple peptide families in a single experiment. In
our imaging study, neuropeptide localization was found to be highly correlated to peptide
family with isoforms from the same peptide family sharing similar distribution patterns
(Figure 4). While most neuropeptide localization patterns in C. sapidus were similar to those
observed in other crustaceans, the trend in C. sapidus was not always the same as in C.
borealis. For example, RYamide, which was found to be concentrated in ventral trunk in C.
sapidus PO, was most concentrated in the anterior bar region in C. borealis, which suggested
the potential differences in functions of the RYamide peptides in C. sapidus from those in C.
borealis. Further physiological investigations would be needed to elucidate these potential
functional differences.

4.4 Conservation and variation of neuropetidome between multiple crustacean species
Previous study in our lab characterized the neuropeptidomes of several crustacean species
such as Cancer borealis and Carcinus maenas [26–28]. The neuropeptidome of C. sapidus is
comparable to those characterized in C. borealis and C. maenas, with a large portion of
neuropeptides being highly conserved. However, many novel neuropeptide isoforms are
discovered and unique to C. sapidus as those highlighted in Table 1. As expected, FLPs,
AST-A, AST-B and orcokinins are the major peptide families found in the POs for all three
crustacean species examined here. Nonetheless, subsets of different peptide isoforms are
uniquely present in each species. In order to further understand the degree of similarities of
these neuropeptidomes, we compared four major neuropeptide family members. Among
them, over 80% of orcokinins are conserved between these three species; approximately
60% FLPs, 50% AST-A and 70% AST-B detected in C. sapidus can also be detected in
Cancer borealis and Carcinus maenas. The conservation for majority of the neuropeptidome
elucidates the high degree of sequence homology in signaling peptides and close
phylogenetic relationship of these decapod crustacean species, yet the variation of their
neuropeptidomes may contribute to species diversity of decapod crustaceans.
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5. Conclusions
In this study we combined multiple sample preparation methods, multifaceted mass spectral
techniques and dimethylated leucine (DiLeu) labeling strategies to comprehensively
characterize the neuropeptides present in the pericardial organ of the blue crab C. sapidus. In
total, 130 peptides from twelve families were identified and 44 were new to this species.
This study reported for the first time the neuropeptidome of blue crabs and greatly expanded
the number of known peptides in this important crustacean species. The research presented
here provides a strong foundation for future studies on the physiological roles played by
these signaling molecules in a well-defined neural network.
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Abbreviations

2D RP-LC Two dimensional reversed-phase liquid chromatography

ACN acetonitrile

AST-A Allatostatin A

AST-B Allatostatin B

CCAP crustacean cardioactive peptide

CG cardiac ganglion

CHCA α-cyano-4-hydroxy-cinnamic acid

DHB 2, 5-dihydroxybenzoic acid

DiLeu dimethylated leucine

FLPs FMRFamide-like peptides

HPLC high performance liquid chromatography

MALDI-TOF/TOF matrix-assisted laser desorption/ionization time-of-flight/ time-of-
flight mass spectrometer

MALDI-FTMS matrix-assisted laser desorption/ionization Fourier transform
mass spectrometer

MS mass spectrometry

MS2 Tandem mass spectrometry

nanoLC-ESI-Q-TOF nanoflow liquid chromatography electrospray ionization
quadrupole time-of-flight

PO pericardial organ

RPCH red pigment concentrating hormone
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Highlights

• The first comprehensive report on discovery of neuropeptides in the pericardial
organ of blue crab Callinectes sapidus

• 130 peptides from 11 families including 44 novel ones were discovered and
sequenced

• A combination of multifaceted mass spectrometry (MS) approach and chemical
derivatization was employed for peptidomic analysis

• Our results lay the groundwork for future neuropeptide physiology studies on C.
sapidus and other crustaceans
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Figure 1.
Direct tissue analysis of the C. sapidus pericardial organ (PO) by MALDI-TOF/TOF. Panels
1(a) and 1(b) show mass spectra from different regions of the PO tissue. Signals correspond
to the protonated molecular ions, [M+H]+, where M is the monoisotopic molecular mass of
each peptide. The identified peptides are marked with symbols indicating specific families to
which they belong.
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Figure 2.
Accurate mass measurement of peptide profiles in the tissue extract of (a) C. sapidus PO and
(b) HPLC fraction #15 of the extract by MALDI-FTMS. The mass spectral peaks shown in
red in (b) represent the neuropeptides that only appear in the HPLC fractions.
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Figure 3.
De novo sequencing of allatostatin neuropeptides in C. sapidus PO by ESI-Q-TOF MS/MS.
(a) Fragmentation comparison for de novo sequencing of AST-A (NPYSFGLamide m/z
796.40) before (top panel) and after DiLeu labeling (bottom panel) and (b) AST-B
(GNWNKFQGSWamide m/z 1222.58) before (top panel) and after DiLeu labeling (bottom
panel); (c) confirmation of a novel AST-B peptide sequence elucidation
(SGDWSSLRGAWa m/z 1220.58) by comparing peptide fragmentation from the PO tissue
extract (top panel) and synthesized peptide standard with proposed sequence (bottom panel).
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Figure 4.
Neuropeptide localization in C. sapidus PO via MALDI-mass spectrometric imaging (MSI)
images of selected peptides: AST-B peptide family includes VPNDWAHFRGSWamide (m/
z 1470.70), AGWSSMRGAWamide (m/z 1107.52) and SGDWSSLRGAWamide (m/z
1220.58) at the top panels, RYamide family includes FVGGSRYamide (m/z 784.41),
SGFYANRYamide (m/z 976.46) and pEGFYSQRYamide (m/z 1030.45) at the middle
panels and FLPs includes NRNFLRFamide (m/z 965.54), GNRNFLRFamide (m/z 1022.56)
and GAHKNYLRFamide (m/z 1104.61) at the bottom panel.
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