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Abstract
The tetrapeptide, FMRFamide, was first discovered in 1977 in the molluscan nervous system and
was found to affect the contractile force of molluscan cardiac muscle and other muscles [1]. Since
then, numerous FMRFamide-related peptides (FaRPs) have been reported in both invertebrate and
vertebrate species [2-9]. We have previously reported the detection and identification of numerous
FaRPs in Cancer borealis pericardial organs (POs), one of the major neurosecretory structures in the
crustaceans [2-3]. Here, we have developed two immunoaffinity-based methods,
immunoprecipitation (IP) and immuno-dot blot screening assay, for the enrichment of FaRPs in C.
borealis POs. A combined mass spectrometry (MS)-based approach involving both matrix-assisted
laser desorption/ionization Fourier transform mass spectrometry (MALDI-FTMS) and nanoscale
liquid chromatography coupled to electrospray ionization quadrupole time-of-flight tandem mass
spectrometry (nanoLC-ESI-QTOF MS/MS) is used for a more comprehensive characterization of
the FaRP family by utilizing high mass accuracy measurement and efficient peptide sequencing.
Overall, 17 FMRFamide-related peptides were identified using these two complementary immuno-
based approaches. Among them, three novel peptides were reported for the first time in this study.
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Introduction
The tetrapeptide FMRFamide was first isolated and identified in the ganglia of the venus clam
Macrocallista nimbosa [1]. Since then, numerous peptides with the C-terminal motif Arg-Phe-
NH2 have been discovered and characterized in a wide variety of invertebrate and vertebrate
species [4-10]. Physiological studies of FMRFamide-related peptides (FaRPs) in invertebrates
has revealed their highly varied biological functions including cardioexcitatory activities [1,
11-13], control of muscle contraction [13-16], neuromodulation [17,18], and control of
locomotor activity [13,19].
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Pericardial organs (POs) are one of the major neurosecretory structures in crustaceans,
releasing numerous hormones that regulate a variety of physiological processes. Previous
studies have reported the identification of numerous FaRPs in the Cancer borealis POs by
mass spectrometric methods [2,3]. However, a complete biochemical profile of FaRPs in POs
is lacking due to the system's chemical complexity, FaRPs' low concentration, and signal
suppression effects caused by the sample matrix. Therefore, a critical first step to elucidating
the structure and functional relationship of this neuropeptide family is the development of
methods that can enhance the detection of these low abundance peptides in complex samples.

Immuno-based methodologies have been widely employed in specific peptide/protein family
detection or enrichment by antibody recognition of the specific consensus motif. These
antibody based methods can facilitate highly specific targeting of single neuropeptide families.
This study employs both immunoprecipitation (IP) reactions and immuno-dot blot screening
assays to identify FaRPs in crude PO extracts and to screen for FaRPs in HPLC fractions,
respectively. FaRP rich samples are analyzed by a combined mass spectrometric approach that
harnesses the high mass accuracy/mass resolution properties of a MALDI-FTMS and the
efficient de novo capabilities of nanoESI-QTOF MSMS in order to increase the coverage of
FaRPs identified in Cancer borealis POs.

Materials and Methods
Animals, tissue collection, and tissue extraction

Jonah crabs (Cancer borealis) were obtained from commercial suppliers (Commercial Lobster
and Seafood, Boston, MA; Marine Biological Laboratory, Woods Hole, MA) and housed in
tanks containing recirculating, aerated artificial seawater (10 °C). Crabs were cold-anesthetized
by packing on ice for at least 30 min prior to dissection. Dissection of the pericardial organs
(POs) was performed in chilled (∼4 °C) physiological saline (composition: 440 mM NaCl;
11mM KCl; 13 mM CaCl2; 26 mM MgCl2; 10 mM HEPES acid; pH 7.4-7.5 [adjusted with 1
M NaOH]). The details of the dissection were described previously [19].

C. borealis POs were stored in a minimal volume (fully submerge tissue) of ice-cold acidified
methanol (90% methanol [Fisher Scientific], 9% glacial acetic acid Fisher Scientific], and 1%
deionized water) and stored at -80 °C until use. Twenty POs (10 crabs) were placed in a 0.1
mL glass tissue grinder (Wheaton), submerged in 100 μL of ice-cold acidified methanol, and
mechanically homogenized. The homogenate was then transferred to a 0.6 mL low retention
microcentrifuge tube (Fisher Scientific) and centrifuged at 16000 × g for 10 min. The
supernatant fraction was transferred to a clean vial, and the pellet was re-extracted using ice-
cold acidified methanol. The supernatant fractions were combined and concentrated to dryness
using a Savant SVC 100 SpeedVac (Thermo Electron) concentrator at medium heat. Finally,
100 μL of 0.1 % formic acid(aq) (v/v, Fluka) was added to the dried extract. This resuspended
extract was then vortexed and centrifuged. The supernatant was transferred to a new
microcentrifuge tube and was used in future immuno-based experiments.

Immunoprecipitation
A seize X protein G immunoprecipitation kit (Pierce, IL) was used in this experiment. An
aliquot of 30 μL of the protein G beads slurry (Pierce, IL) was combined with 300 μL binding/
wash buffer (Pierce, IL) and added to a Handee spin cup (Peirce, IL). The beads were washed
by centrifugation at 3800 × g for 2 min. The flow through was discarded and the wash step
was repeated twice more. The protein G beads were allowed to interact with 2 μL of 1:100
rabbit anti-mouse polyclonal FMRFamide antibody (Abcam Inc., MA) in 60 μL binding/wash
buffer with gentle rocking for 2 hrs at room temperature. After incubation, unbound
FMRFamide antibody was removed by washing the beads three times with 300 μL binding/
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wash buffer. Either 100 μL of a standard peptide solution or 100 μL PO extract was added to
the bead slurry and allowed to incubate for 3 hrs at room temperature with gentle rocking. The
pH of the PO extract was adjusted to neutral by using 0.1 M ammonium bicarbonate prior to
the incubation. The sequences and concentrations of the four peptide standards were:
SDRNFLRFa (FMRFamide-like peptide I, lobster, m/z 1053.5588), 1.0 μM; RPPGFSPFR
(Bradykinin, m/z 1060.5687), 1.0 μM; TNRNFLRFa (FMRFamide-like peptide II, lobster, m/
z 1066.5905), 1.0 μM; and RPKPQQFFGLMa (Substance P, m/z 1347.7354), 1.0 μM. After
incubation, the beads were washed three times with 300 μL binding/wash buffer and
resuspended in 20 μL of 2% formic acid(aq) (v/v). After 15 min of incubation with gentle
rocking, peptides and antibodies were eluted from the protein G beads. The eluate was then
analyzed by MALDI-TOF/TOF MS, MALDI FTMS, and/or nanoESI-QTOF MS/MS.

Offline HPLC fractionation
Offline HPLC fractionation was performed using a Rainin Dynamax HPLC system equipped
with a Dynamax UV-D II absorbance detector (Model SD-200, Rainin Instrument Inc.,
Woburn, MA). The mobile phases used were: (A) deionized water with 0.1% formic acid; (B)
acetonitrile (HPLC grade, Fisher Scientific) with 0.1% formic acid. 20 μL of concentrated
sample was injected via a Rainin HPLC onto a Macrosphere C18 reverse phase column (2.1
mm i.d. × 250 mm length, 5 μm particle size; Alltech Assoc. Inc., Deerfield, IL) at a flow rate
of 1 mL/min. The peptides were eluted with a linear mobile phase B gradient of 5 – 95% over
120 min. Fractions were collected every minute for 120 min using a Rainin Dynamax FC-4
fraction collector (120 total fractions).

Immuno-dot blot screening assay
The HPLC fractions were assayed for immuno-reactivity to a rabbit anti-mouse polyclonal
FMRFamide antibody. Briefly, 30 μL of each fraction was combined with 6 μL of 1 mg/mL
bovine serum albumin (BSA, RIA grade, Fluka, Switzerland) in phosphate-buffered saline
(PBS) and concentrated to dryness in a SpeedVac. Concentrated fractions were then
resuspended in 6 μL of deionized water. 1 μL of each fraction was then spotted onto a
nitrocellulose membrane (Schleicher & Schuell Bioscience Inc., Keene, NH) and allowed to
dry in a 60 °C oven for 1 hr. The membrane was then fixed for 16 hrs at 37 °C with 2%
glutaraldehyde (EM grade, Ted Pella Inc., Redding, CA) vapor in a sealed container. After
fixation, a 2% glutaraldehyde solution in PBS was prepared and placed on the membrane and
incubated for 1 hr to complete the fixing of the peptides. Each blot was washed six times for
15 min in PBS, blocked with blotto (5% non-fat dry milk, 0.1% Triton X-100, 0.001%
Thimerosal in PBS) for 30 min, and then incubated with the FMRFamide antiserum (diluted
1:35,000 in blotto) for 16 hours at 4 °C. The blots were washed three times for 15 min in a
10% blotto solution to rinse away unbound antibody. The blot was then incubated for 1 hr with
a secondary goat anti-rabbit antiserum coupled to horseradish peroxidase at a dilution of 1:500
in blotto. Unbound antibodies were removed by washing each blot three times for 15 min with
10% blotto. The bound antibodies were visualized by placing the blot in a solution of 0.006%
H2O2, 0.03% 3,3′-diaminobenzidine 4-HCl, 0.5% CoCl2 in PBS (v/v/v) for 4-5 min. The
membrane was washed thoroughly with deionized water and dried at room temperature.
Immunoreactive fractions were identified by a reddish-brown staining in which the fraction
had been added to the membrane [20-22]. The immunoreactive fractions were further analyzed
by MALDI-FTMS.

MALDI-TOF/TOF MS
A model 4800 MALDI-TOF/TOF mass spectrometer (Applied Biosystems, Framingham, MA)
equipped with a 200 Hz, 355 nm Nd:YAG laser was used for peptide detection in control
experiments. Acquisitions were performed in positive ion reflectron mode. Instrument
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parameters were set using the 4000 Series Explorer software (Applied Biosystems). Mass
spectra were obtained by averaging 625 laser shots covering mass range m/z 1000-1400. A
saturated solution of α-cyano-4-hydroxycinnamic acid (CHCA; Sigma-Aldrich, St. Louis,
MO) in 50:50 acetonitrile: 0.1% trifluoroacetic acid(aq) (v/v) was used as matrix. For sample
spotting, 0.35 μL of IP eluate was combined with 0.35 μL of matrix on a MALDI plate and
allowed to dry prior to analysis.

MALDI-FTMS
Matrix-assisted laser desorption/ionization Fourier transform mass spectrometry (MALDI-
FTMS) experiments were performed on an IonSpec ProMALDI Fourier transform mass
spectrometer (Lake Forest, CA) equipped with a 7.0 Tesla actively-shielded 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 ion cyclotron resonance (ICR) cell via a quadrupole ion guide. A 337 nm
nitrogen laser (Laser Science, Inc., Franklin, MA) was used for ionization/desorption. 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 1 V from 6500 to 7000 ms to reduce baseline
distortion of peaks. Detection was performed in broadband mode from m/z 108.00 to 4500.00.
For sample spotting, 0.35 μL of sample was combined with 0.35 μL of matrix on a MALDI
plate and allowed to dry prior to analysis.

NanoLC-ESI-QTOF MS/MS
NanoLC-ESI-QTOF MS/MS analysis of immuno-purified tissue extracts was performed using
a Waters capillary LC system coupled to a QTOF Micromass spectrometer (Waters Corp.,
Milford, MA, USA). Chromatographic separations were performed on a reverse phase C18
capillary column (75 μm i.d. × 150 mm length, 3 μm particle size; Micro-Tech Scientific Inc.).
The mobile phases used were: A, deionized H2O with 5% acetonitrile and 0.1% formic acid;
B, acetonitrile with 5% deionized H2O and 0.1% formic acid; C, deionized H2O with 0.1%
formic acid. An aliquot of C. borealis PO immunoprecipitation elution solution was injected
and loaded onto the trap column (PepMap C18; 300 μm i.d. × 1 mm length, 5 μm particle size,
100 Å pore size; LC Packings, Sunnyvale, CA, USA) using mobile phase C at a flow rate of
30 μL/min for 3 min. Following loading, the stream select module was switched in line with
the analytical capillary column, and a linear gradient of mobile phases A and B was carried
out progressing from 5% to 45% B over 60 minutes. A flow splitter was added between the
mobile phase mixer and the stream select module to reduce the flow rate from 12 μL/min to
200 nL/min.

The nanoflow electrospray source conditions were set as follows: capillary voltage 3800 V,
sample cone voltage 40 V, extraction cone voltage 1 V, source temperature 120 °C, cone gas
(N2) 13 L/hr. Data dependent acquisition was employed for the MS survey scan, the selection
of precursor ions, and subsequent MS/MS of the selected parent ions. The MS scan range was
m/z 100 to 2000 and the MS/MS scan was m/z 50 to 2000. De novo sequencing was performed
using the PepSeq peptide sequencer of MassLynx 4.0 software (Waters) in combination with
manual sequencing.

Results and Discussion
A commercial rabbit anti-mouse polyclonal FMRFamide antibody was used in both immuno-
based FaRP enrichment strategies. The efficacy of this antibody for FaRPs was first determined
by performing IP experiments using a standard solution of neuropeptides. This solution
contained two positive control peptides (SDRNFLRFa [FMRF amide-like peptide I, lobster,
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m/z 1053.5588], 1.0 μM; TNRNFLRFa [FMRF amide-like peptide II, lobster, m/z 1066.5905],
1.0 μM) and two negative control neuropeptides (RPPGFSPFR [Bradykinin, m/z 1060.5687],
1.0 μM; RPKPQQFFGLMa [Substance P, m/z 1347.7354], 1.0 μM). It was hypothesized that
the polyclonal FMRFamide antibody would have cross-reactivity with FaRPs, but minimal
cross-reactivity with peptides not containing an FxRFamide C-terminus. Figure 1 shows the
mass spectra of the peptide standard solution prior to IP (top spectrum) and after IP (bottom
spectrum) acquired on an ABI 4800 MALDI-TOF/TOF mass spectrometer. The bottom
spectrum shows that the polyclonal FMRFamide antibody reacts with FaRPs (FMRFamide-
like peptide I, lobster, and FMRFamide-like peptide II, lobster), thus enabling selective
detection of these two peptides containing an FLRFamide C-terminus. It should be pointed out
that the two FaRPs present in the control sample had different reaction efficiencies. This may
be attributed to the polyclonal nature of the antibody in that one FaRP may bind to the antibody
with greater affinity than a different FaRP. Therefore, FaRP immuno-based strategies using
this antibody will have greater efficacy for some FaRPs and not others. Regardless of the
antibody's differential reactivity with FaRPs, the data suggests that the antibody has strong
specificity for FaRPs and may be useful for pulling down peptides of this family in more
complex samples (e.g. crustacean PO).

FaRP IP of C. borealis PO extract
Figure 2 shows the neuropeptide profile within PO extract before (a) and after (b) IP from m/
z 825 – 1250. Figure 2a shows that both RYamide and FaRP families are observed in this m/
z range prior to IP, with the two RYamide peptides (m/z 976.46 and 1030.47) having the greatest
ion intensities. The high ionization efficiency of the two RYamide peptides suppresses the peak
intensities of other ion species in this range (e.g. FaRPs). As shown in Figure 2a, eight FaRPs
were identified in the PO extract. Figure 2b shows the mass spectrum of the same PO extract
post IP. The two RYamide peptides (pEGFYSQRYamide [m/z 1030.47] and
SGFYANRYamide [m/z 976.46]) are removed from the sample solution during wash steps
because they do not bind to the FMRFamide antibody. As a result, detection of additional
FaRPs is likely due to the removal of the highly abundant peptides, enhancing the detection of
lower abundance peptides. It was also noted that antibody non-specific binding was minimal,
with the FaRPs dominating the spectrum. Only a few unidentified ion peaks were observed in
the IP enriched spectrum such as m/z 1005.57, 1101.60, 1041.78, 1057.77, 1204.62, and
1217.89. These ion peaks may be putative FaRPs or peptides pulled down by non-specific
binding. Molecular ions at m/z 1005.57 and 1101.60 were further characterized and revealed
as novel FaRPs via nanoESI-QTOF MS/MS de novo sequencing. Therefore, this
immunoaffinity-based technique is an effective isolation method for the enrichment of FaRPs.

Further characterization of the FaRP immunoaffinity-enriched PO sample with nanoLC-ESI-
QTOF MS/MS identified 13 FaRPs including three novel isoforms: GPRNFLRFamide (m/z
1005.57); YNRSFLRFamide (m/z 1101.60); and GPKNFLRFamide (m/z 977.57) (Figure 3).
Among them, m/z 977.57 was not detected by MALDI-FTMS. The other two peaks m/z 1005.57
and 1101.60 were also present in the MALDI-FTMS spectrum with quite low abundance
(Figure 2b), which could be the reason that they were not detected in the extract due to ion
suppression effect. Ten previously known C. borealis FaRPs were identified by both MALDI-
FTMS and nanoESI-QTOF MS/MS in this study except peptide at m/z 926.52, which was only
detected by nanoESI-QTOF-MS/MS.

FaRP immuno-dot blot screening assay of C. borealis PO extract
An immuno-dot blot screening assay on C. borealis PO extract HPLC fractions was also
performed and identified 46 immunoreactive fractions among a total of 120 fractions. MALDI-
FTMS detection was performed as a fast screening strategy for identifying putative FaRPs in
the immunoreactive fractions. Of the 46 fractions analyzed, 16 FaRPs were identified including
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two novel FaRPs m/z 977.63 and 1005.59. The immuno-dot blot screening assay is highly
sensitive and specific, narrowing down the target fractions for the MALDI-FTMS detection
and providing the snapshot of the FaRPs in each fraction. Further characterization of the
immunoreactive HPLC fractions with nanoLC-ESI-QTOF tandem MS revealed 30 FaRPs with
3 additional novel peptides, which was previously published [3].

Comparison of immuno-based methods
The FaRP immunopreciptiation and FaRP immuno-dot blot screening assay provide
complementary information of neuropeptide content in C. borealis PO extract. The IP allows
a user to isolate FaRPs from whole cell or tissue extracts while the immuno-dot blot screening
assay provides qualitative and sensitive identification of FaRP-rich fractions post off-line
HPLC fractionation. Additionally, studying FaRP expression by IP simplifies complex sample
matrices by removing highly abundant ion species in a flow-through step. As a result, the
dynamic range of FaRPs in mass spectra is expanded, facilitating the detection and
identification of novel FaRPs. Taken together, the two immuno-based methods provide
complementary information regarding neuropeptide expression in PO tissue (Table 1). For
example, peptides RSFLRFamide (m/z 824.62), pyrRNFLRFamide (m/z 962.72) and
RDRNFLRFamide (m/z 1122.63) were observed only in immuno-dot blot screening assays
and not by IP experiments. On the other hand, the novel peptide YNRSFLRFamide (m/z
1101.61) was only observed in IP experiments. It is also possible to apply IP approach to the
immunoreactive HPLC fractions to further expand the dynamic range for FaRPs detection.
Overall, by using both immuno-based methods for neuropeptide detection we were able to
identify the largest number of FaRPs, including those previously reported FaRPs as well as
three novel ones reported for the first time here, in C. borealis PO to date. The developed
methodologies presented here could also be used to screen for other neuropeptide families
present in the same or different neurosecretory organs, enabling fast and targeted neuropeptide
identification and discovery.

Conclusions
Two immuno-based methods (immunoprecipitation and immuno-dot blot screening assay)
were developed and utilized for the characterization of FaRPs in C. borealis PO. In total, 17
FaRPs were identified using the two immuno-based methods. Of the 17 FaRPs, three novel
FaRPs were de novo sequenced for the first time in this study. The presented methodology can
be utilized to characterize any peptide family of interest depending on the availability of an
antibody. These immuno-based methods can also be used to search for peptide families that
have never been identified in an organism. In addition, multiple antibodies may be employed
to a single tissue extract in order to pull out specific families of interest within a single
experiment. When such targeted isolation approaches are combined with high resolution and
highly specific mass spectrometric tools, increased throughput and coverage of peptide family
discovery can be achieved.
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Abbreviations
FaRP  

FMRFamide-related peptide

PO  
pericardial organ

IP  
immunoprecipitation

i.d.  
inner diameter

MS  
mass spectrometry

MS/MS  
tandem mass spectrometry

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

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

nanoLC-ESI-QTOF 
nanoscale liquid chromatography coupled to electrospray ionization quadrupole
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Figure 1.
Comparison of peptide standard solution before (top) and after (bottom) FaRP
immunoprecipitation. The peptide standard solution prepared in binding/wash buffer contained
10-6 M of the following peptides: FMRF amide-like peptide I, lobster (m/z 1053.5588,
SDRNFLRFa), bradykinin (m/z 1060.5687, RPPGFSPFR), FMRF amide-like peptide II,
lobster (m/z 1066.5905, TNRNFLRFa), and substance P (m/z 1347.7354, RPKPQQFFGLMa).
IP elution reveals selective enrichment and detection of two FaRP peptides.
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Figure 2.
MALDI-FTMS mass spectra of C. borealis PO extract before (a) and after (b) FaRP
immunoprecipitation. In contrast to panel a) where RYamide peptides dominating the mass
spectrum, panel b) reveals enriched RFamide-related peptide profiles from the same extract
upon immunoprecipitation reaction. Black stars represent putative novel FaRPs.
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Figure 3.
NanoESI-QTOF MS/MS collision-induced dissociation spectra of three novel de novo
sequenced FaRPs. NanoESI-QTOF MS/MS sequences of peptides (a) GPRNFLRFamide
(503.282+), (b) YNRSFLRFamide (551.302+), and (c) GPKNFLRFamide (489.302+).
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Table 1

Identified FaRPs by two immuno-based methodologies

[M+H]+ Sequence Immuno-dot-blot Immunoprecipitation

824.49 RSFLRFamide + -
851.50 RNFLRFamide + +
926.52 SKNYLRFamide + +
938.53 NRSFLRFamide + -
962.53 pyrRNFLRFamide + -
965.54 NRNFLRFamide + +
966.53 DRNFLRFamide + +
1022.56 GNRNFLRFamide + +
1104.61 GAHKNYLRFamide + +
1122.63 RDRNFLRFamide + -
1146.61 GYSKNYLRFamide + +
1147.65 APQRNFLRFamide + +
1172.63 AYNRSFLRFamide + +
1181.62 SENRNFLRFamide + +
977.63 GPKNFLRFamide + +
1005.59 GPRNFLRFamide + +
1101.61 YNRSFLRFamide - +

Bold type indicates novel peptides detected in our study

+ indicates the presence of a peptide and − indicates absence of peptide signal.
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