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Abstract
Tissue heat stabilization is a vital component in successful mammalian neuropeptidomic studies.
Heat stabilization using focused microwave irradiation, conventional microwave irradiation,
boiling, and treatment with the Denator Stabilizor T1 have all proven effective in arresting post-
mortem protein degradation. Although research has reported the presence of protein fragments in
crustacean hemolymph when protease inhibitors were not added to the sample, the degree to
which postmortem protease activity affects neuropeptidomic tissue studies in crustacean species
has not been investigated in depth. This work examines the need for Stabilizor T1 or boiling tissue
stabilization methods for neuropeptide studies of Callinectes sapidus (blue crab) pericardial organ
tissue. Neuropeptides in stabilized and non-stabilized tissue are extracted using acidified methanol
or N,N-Dimethylformamide (DMF) and analyzed by MALDI-TOF and nanoLC-ESI-MS/MS
platforms. Post-mortem fragments did not significantly affect MALDI analysis in the range m/z
650–1600, but observations in ESI MS/MS experiments suggest that putative post-mortem
fragments can mask neuropeptide signal and add spectral complexity to crustacean
neuropeptidomic studies. The impact of the added spectral complexity did not dramatically affect
the number of detected neuropeptides between stabilized and non-stabilized tissues. However, it is
prudent that neuropeptidomic studies of crustacean species include a preliminary experiment using
the heat stabilization method to assess the extent of neuropeptide masking by larger, highly
charged molecular species.
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Introduction
Neuropeptides are a class of signaling molecules that act as neurohormones,
neuromodulators, or neurotransmitters in the central nervous system. These signaling
peptides are involved in a variety of physiological roles including cell-cell communication,
feeding, pain, depression, and memory.1–5 The precise regulation of physiological processes
that neuropeptides display have made them the focus of many researchers striving to further
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understand development, homeostasis, animal behavior, and disease progression
mechanisms.6–12 Studies of this nature can be divided up into two categories: targeted
quantitative neuropeptidomics and discovery neuropeptidomics. In the first category,
researchers use a list of interesting peptides for experiments that aim to fully characterize the
roles these molecules play in behavior or disease. For these studies, antibodies are
commonly used to study peptide distribution and measure peptide location and relative
abundance.13–15 In the second category, the focus of the experiment is to identify and
characterize all of the peptides in a neural organ and then follow the expression changes
these peptides undergo during the progression of a study. The ability to characterize all of
the peptides in a neural organ at once resulted from many years of analytical method
development.16 An important technology that was advanced during this time was biological
mass spectrometry.

The development of matrix-assisted laser desorption/ionization (MALDI)17, 18 and
electrospray ionization (ESI)19 techniques and increases in mass analyzer sensitivity and
resolving power have allowed mass spectrometry to become a prominent tool in global and
targeted studies of neuropeptide expression in neural organs.6, 9, 12, 20–23 Although mass
spectrometry is a highly sensitive technique, the investigation of neuropeptides in neural
tissue is still challenging, and further analytical method development is warranted.16

Signaling peptides are normally present at low concentrations (μM or nM), often have non-
ideal amino acid sequences when it comes to molecular ionization efficiencies, and reside in
a mass-to-charge (m/z) range that can become overrun with degradation fragments from
abundant proteins. Technological advancements and methodological improvements can help
solve the first two challenges, but the latter challenge requires the development of
innovative sample collection and preparation techniques.

Researchers have been aware of the post-mortem degradation problems in neuropeptidomic
tissue research for years.24–28 Several strategies have been developed to minimize
degradation products in the neuropeptide m/z range. Focused microwave irradiation has
been used to stabilize rodent brains prior to dissection.26, 29, 30 A drawback of this technique
is that it is expensive and specific to stabilizing only one organ of interest, the brain. More
commonly, efforts have been directed towards stabilizing tissue after sacrificing the animal.
Snap-freezing, heat deactivation by conventional microwave irradiation, and boiling are
additional tissue stabilization methods commonly employed.6, 24, 25 An alternative strategy
for post-sacrifice tissue stabilization that can be applied to a variety of tissues was developed
in Per Andren’s laboratory.27, 31 The technology rapidly and uniformly raises the
temperature of tissue to 90 °C, halting proteolytic activity. Reported results using this
technology were similar to data gathered using focused microwave sacrifice.27

This technology has demonstrated a clear advantage in mammalian peptidomics, but the
extent that post-mortem degradation affects peptidomic studies in the crustacean model
species is unknown. Many crustacean species used for neurochemical peptidomic research
do not have sequenced genomes. Therefore, peptidomic studies performed in these species
rely on the assumption that the presence of proteolytic fragments in the neuropeptide m/z
range is minimal and do not suppress neuropeptide signal. The presence of protein
fragments in crustacean hemolymph when protease inhibitors were not added to the sample
has been reported previously.32 However, the degree to which post-mortem protease activity
affects neuropeptidomic tissue studies in crustaceans has not been investigated in depth. The
assumption is tested here by comparing the neuropeptide contents in Callinectes sapidus
(blue crab) pericardial organs (POs) treated by heat stabilization using Denator Stabilizor T1
or boiling to non-heat treated tissues. Neuropeptides were extracted from treated or non-
treated POs using acidified methanol (acMeOH) or N,N-Dimethylformamide (DMF) and
mass analyzed using MALDI and ESI mass spectrometers.
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Materials and Methods
All chemicals and reagents were purchased from Thermo Fisher Scientific (Waltham, MA)
unless otherwise specified.

Animals and Tissue Collection
Blue crabs were obtained from commercial suppliers (The Crab Place, Crisfield, MD;
Maryland Blue Crab Express, Darlington, MD) and placed in an artificial seawater tank at
12–13 °C before use. Crabs were allowed to acclimate to the tank conditions for two days
prior to dissection. Thirty minutes prior to dissection, crabs were cold anesthetized on ice.
Details of animal treatment and dissection were described previously by Kutz et al.33 In this
study, both pericardial organs (POs) were isolated in chilled physiological saline
(composition: 440 mM NaCl; 11 mM KCl; 13 mM CaCl2; 26 mM MgCl2; 10 mM HEPES
acid; pH 7.45). A total of 24 crabs were used in this study.

Sample Preparation
Immediately following dissection, POs were briefly rinsed in water and thermally stabilized
using a Denator Stabilizor T1 tissue stabilization device (Gothenburg, Sweden), boiled in
water, or placed directly in 20 μL of ice-cold neuropeptide extraction solvent. Extraction
solvents were composed of either acidified methanol (acMeOH, 90:9:1 MeOH:H2O:glacial
acetic acid, v:v:v) or N,N-Dimethylformamide (DMF). On average, approximately four
minutes passed during the PO microdissection of each pericardial ridge. For tissue stabilized
with the Stabilizor T1, each PO was placed in a Stabilizor cartridge, inserted into the device,
and stabilized using the fresh preserve tissue function. The stabilization process involved
uniformly heating the tissue to 95 °C for 30–45 sec (depending on thickness). After
stabilization, tissue was removed from the cartridge, placed in the appropriate extraction
solvent, and stored at −80 °C until needed. Tissue stabilized by boiling was placed into a 0.6
mL microcentrifuge tube containing 20 μL DMF and then suspended in a beaker of boiling
water for 10 min. Stabilized tissue was then stored at −80 °C until needed.

To minimize biological variability between the crabs that could skew the experiments, four
independent comparisons of blue crab PO tissue handling/extraction were made in this work.
Each comparison required two crabs (4 POs) and was performed in biological triplicate
(Figure 1). POs removed from the left side of the crabs were either treated with the
Stabilizor T1 (experiments 1, 2, and 4) or boiled (experiment 3). For experiments 1, 2, and 4
the right POs were not stabilized. In experiment 3, the two right POs were boiled in DMF
prior to extraction. Stabilized and non-stabilized tissue were placed directly into a minimal
volume of extraction solvent and stored at −80 °C. In the first experiment, neuropeptides
were extracted with acMeOH from tissue that was either stabilized (Stabilizor T1) or non-
stabilized. In the second, third, and fourth experiments, neuropeptides were extracted from
stabilized and non-stabilized tissues using DMF. Experiment 2 compared stabilized
(Stabilizor T1) to non-stabilized tissue. Experiment 3 compared stabilized (boiling) to non-
stabilized tissue. Experiment 4 compared stabilized (Stabilizor T1) to stabilized (boiling)
tissue.

For each part of a single comparison, stabilized or non-stabilized POs were placed in a 0.1
mL glass tissue grinder (Wheaton), submerged in 50 μL of appropriate ice-cold extraction
solvent, and mechanically homogenized. The homogenate was transferred to a clean 0.6 mL
low retention microcentrifuge tube and centrifuged at 16000 × g for 10 min. The supernatant
was removed from the tissue pellet and placed in a clean vial, and the pellet was re-extracted
two additional times. The combined supernatant volumes were concentrated to dryness
using a Savant SVC 100 Speedvac (Thermo Fisher Scientific) vacuum concentrator at
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medium heat. The crude extract was resuspended in 50 μL of 0.1% formic acid(aq) (v/v) and
processed by C18 Ziptips (Millipore) according to the manufacturer’s protocol to remove
lipids, salts, and large proteins from the sample. Following vacuum concentration of the
eluent, peptides were resuspended in 11 μL of 0.1 % formic acid(aq) and subjected to mass
spectrometric analysis.

MALDI-TOF/TOF Mass Spectrometry and Data Analysis
Each neuropeptide sample was analyzed with an Applied Biosystems (Framingham, MA)
4800 MALDI TOF/TOF mass spectrometer equipped with a 200 Hz, 355 nm Nd:YAG laser.
Sample aliquots of 0.5 μL were spotted onto a metal MALDI target, mixed with 0.5 μL of
α-Cyano-4-hydroxycinnamic acid MALDI matrix (Sigma-Aldrich, St. Louis, MO), and
allowed to dry at room temperature prior to analysis. A 0.5 μL aliquot of Sigma-Aldrich
ProteoMass peptide MALDI-MS calibration standard was also spotted on the plate to be
used for instrument calibration. Instrument parameters were optimized using the 4000 Series
Explorer Software (Applied Biosystems). All data were acquired over the m/z range 500–
2000 in positive reflectron mode. Data was analyzed using Applied Biosystems Explorer
software (version 4.9, build 115) and peptides were identified based on accurate mass (50
ppm tolerance) using an in-house database of identified crustacean neuropeptides
(Supplemental Database 1)

nanoLC-ESI-MS/MS Mass Spectrometry and Data Analysis
A Waters Synapt G2 QTOF mass spectrometer coupled to a Waters nanoAcquity ultra
performance liquid chromatograph system was used for nano-liquid chromatography
electrospray ionization tandem mass spectrometry (nanoLC-ESI-MS/MS) analysis. Mobile
phase A was water in 0.1% FA(aq) (v/v), and mobile phase B was ACN in 0.1% FA(aq) (v/v).
A 2 μL injection of neuropeptide rich PO extract was loaded onto a Symmetry C18
nanoAcquity trap column (180 μm × 20 mm, 5 μm) at a flow rate of 5 μL·min−1 of 97%
mobile phase A for 3 min. Peptides were separated using a 1.7 μm BEH C18 75 μm × 100
mm column with a 60 min gradient from 3% to 35% mobile phase B at a flow rate of 300
nL·min−1 and a column temperature of 35 °C. Electrospray emitter tips were prepared in
house from 75 μm i.d., 360 μm o.d. capillary tubing (Polymicro Technologies, Phoenix,
AZ) using a Sutter P-2000 laser capillary puller (Novator, CA).

The mass spectrometer was calibrated before use with the fragment ions of Glu-
fibrinopeptide over the m/z range 50–2000. Data was acquired in resolution mode using
either MSE (where the E represents collision energy) or data dependent acquisition (DDA)
mode. For MSE acquisitions, low energy and high energy scans were collected at 1 Hz with
a high energy collision energy ramp of 10–35 eV. For DDA data, a 1 Hz survey scan was
followed by three MS/MS scans if ions in the survey scan had a charge of +2, +3, or +4.
Ions subjected to MS/MS were actively excluded from subsequent MS/MS scans for 60 sec.
MS/MS spectra were collected using a low mass collision energy ramp of 10–25 eV and a
high mass collision energy ramp of 25–45 eV. For both MSE and DDA modes, lockmass
correction scans of Glu-fibrinopeptide (m/z 785.8421) were collected every 60 sec during
the acquisition. The capillary voltage was set to 2.80 kV, sampling cone voltage was 30 V,
extraction cone was 4.0 V, and the source temperature was set to 70 °C.

Acquired data were analyzed using MassLynx 4.1 software. Peptides between [M+H]+ m/z
600 – 2200 were identified by accurate mass (30 ppm), retention times (± 1 min), and
tandem mass spectra using an in-house database of identified crustacean neuropeptides and
PepSeq de novo sequencing software. For peptides with [M+H]+ > m/z 2200, Mascot was
used for identification. MSE files were processed using ProteinLynx Global Server (v.2.5.1)
using the Apex 3D algorithm to generate pkl files. The pkl files were searched against an in-
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house crustacean neuropeptide/neurohormone database (1957 non-redundant entries from
reported literature and from Uniprot search of “(neuro)peptide” and arthropod species) using
Mascot (ver 2.3.02). For Mascot searches, MS peptide tolerance was set to ± 30 ppm, MS/
MS tolerance was 0.8 Da, and variable modifications amidation (C-term), pyro Glu (N-term
Q), pyro Glu (N-term E) and oxidation (M) were specified. Peptides with scores > 40 were
considered valid.

The identification of putative interfering protein fragments was determined manually by
summing up 2.5 min segments of low energy MSE data and comparing between samples in a
given experiment using MassLynx 4.1 software.

Results and Discussion
Neuropeptide Extraction Solvent Rationale

Two neuropeptide extraction methods used in crustacean neuropeptidomic research were
used in this study. Acidified methanol is commonly used to extract neuropeptides from
neural tissues.34–36 However, when relative quantification experiments are performed using
a set of in-house developed 4-plex DiLeu isobaric tags, DMF is the preferred extraction
solvent.35 Table 1 and Supplemental Table 1 demonstrate that DMF had comparable
neuropeptide extraction efficiency to acMeOH in this study.

We also tested the assumption that the neuropeptide expression between right and left POs
are similar since left POs from two crabs were pooled for one extraction protocol and POs
from the right side of two crabs were pooled for a different extraction protocol in each
experiment.37, 38 To test this assumption, POs from two crabs were dissected out and the
two left and right POs were pooled together separately. Neuropeptides were extracted from
both PO pools with DMF and analyzed on the Synapt G2 QTOF mass spectrometer.
Supplemental Figure 1 shows that the base peak ion (BPI) chromatograms for left and right
POs were similar, suggesting that differences in neuropeptide expression in all experiments
should only depend on the extraction protocols used, not the location of the POs used.

Four neuropeptide extraction protocols were compared in this study. Figure 1 shows an
overview of the experimental workflow. Experiment 1 compared the conventional acMeOH
extraction protocol to an acMeOH extraction protocol incorporating the Stabilizor T1 for
tissue stabilization. DMF was used as the extraction solvent in experiments 2, 3, and 4.
Experiment 2 compared the normal DMF neuropeptide extraction method to a DMF method
that utilized the Denator Stabilizor T1 for tissue stabilization. Experiment 3 compared the
normal DMF extraction protocol to a protocol that utilized a 10 min boiling period to
stabilize the tissue prior to DMF extraction. Experiment 4 compared the DMF extraction
protocol utilizing boiling stabilization to a DMF extraction protocol utilizing Stabilizor T1
stabilization. Experiments 3 and 4 were designed to compare the performance of boiling to
Stabilizor T1 stabilization.

MALDI-TOF-MS Analysis
Previous research has shown that mouse brain stabilized with the Stabilizor T1 showed
increased detection of endogenous neuropeptides as compared to non-stabilized tissue in
MALDI MS experiments.31 Figure 2a and 2b show the MALDI mass spectra of acMeOH
versus Stabilizor T1 extracted tissue and DMF versus Stabilizor T1 extracted tissue,
respectively. In Figure 2a, maximum intensities of both mass spectra were set to the base
peak ion (BPI) of the non-stabilized acMeOH extracted tissue (3.1 × 104). The only
molecular ion in the Stabilizor T1 stabilized tissue that exceeded this threshold intensity was
RYamide pEGFYSQRYa (m/z 1030.45), which had an intensity of 5.8 × 104. In both mass
spectra, the other neuropeptide molecular ions present in the spectra did not exceed 20%
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relative intensity. Overall, a similar number of neuropeptides were identified in acMeOH
extracted non-stabilized (44 peptides, 2 unique) and stabilized (45 peptides, 3 unique) tissue.
Figure 2b, shows a similar pattern for DMF versus Stabilizor T1 treated tissue. Again, both
mass spectra intensities were set to the BPI of the non-stabilized tissue, with only m/z
1030.45 exceeding the intensity threshold in the stabilized tissue. A total of 40
neuropeptides (zero unique) were identified in DMF non-stabilized tissue extracts and 43
neuropeptides (3 unique) were identified in DMF stabilized tissue extracts. The results of
DMF versus boiling stabilization and boiling stabilization versus Stabilizor T1 stabilization
experiments were similar to those observed in Figure 2. Supplemental Table 1 summarizes
the neuropeptides identified in each of the four MALDI experiments.

In total 13 A-type allatostatins, 14 B-type allatostatins, one C-type allatostatin, a crustacean
cardioactive peptide (CCAP), two crustacean hyperglycemic hormone precursor related
peptides (CPRP), six FMRFamide like peptides (FLP), one myosuppressin, an
orcomyotropin, 10 orcokinins, five RYamides, and one other peptide were observed by
MALDI analysis. In each experiment, approximately the same numbers of peptides were
observed between sample treatments. In addition, all intense ions observed from m/z 650 –
1600 were identified as neuropeptides. It appears that neuropeptide detection from m/z 650
– 1600 in blue crab POs were not affected by post-mortem protein fragments. Although
roughly the same numbers of neuropeptides were identified in the MALDI mass spectra
from non-stabilized and stabilized tissue, the extent of post-mortem degradation was also
investigated in ESI mass spectra. In MALDI, singly charged ion species are predominantly
observed from m/z 650 – 1600. In contrast, ESI produces predominantly multiply charged
ions in the m/z range 300 – 1600.

Base Peak Ion Chromatograms in nanoLC-ESI-MS/MS Experiments
Figure 3 shows the ESI BPI chromatograms for a single biological replicate for each
experiment. The same trend shown for each experiment in Figure 3 was observed in each
biological replicates. After inspection of the four BPI chromatograms for all four
experiments, three observations are readily apparent. First, Figure 3a, 3b, and 3d depict
Stabilizor T1 treated tissue versus non-stabilized acMeOH, non-stabilized DMF, and
stabilized boiling tissue extract, respectively. In each case, the red BPI chromatogram trace
(Stabilizor T1 stabilization) has an observably lower BPI intensity compared to tissue
extracts not treated with Stabilizor T1. Second, Figure 3b and 3d show that after 50 min of
separation, more intense peaks are observed in DMF tissue extracts not treated with the
Stabilizor T1. Third, Figure 3c illustrates that BPI intensity differences were observably
minimal between tissues treated with boiling stabilization versus tissue only treated with
DMF extraction. In addition to the BPI chromatogram profiles in Figure 3, Supplemental
Figure 2 shows 2.5 min summed mass spectra of each experiment across three quarters of
the elution gradient (17.5 – 60 min). In all experiments using the Stabilizor T1, it was
observed that at each time point the BPI intensities of all mass spectra were greater in tissue
not stabilized with the Stabilizor T1. For experiment 3, the mass spectrum BPI intensities
appeared similar between tissues stabilized by boiling and tissues only treated with DMF.

Molecular ion intensities of tissues treated with the Stabilizor T1 had lower intensities than
tissue samples stabilized by boiling or not stabilized at all. We hypothesize that the
decreased signal intensities observed in the BPIs were due to the loss associated with an
additional step in a sample handling process. In addition, it was difficult to remove all of the
stabilized PO tissue from the Denator Stabilizor T1 tissue card used during the stabilization
process. The blue crab PO is approximately 100 μm thick and 3 mm long prior to being
placed in the Denator card. We believe that this technical difficulty can reconcile the
reduced signal observed in all Stabilizor T1 BPI chromatograms. Since the experiments
performed in this study use the minimum amount of PO material needed to get good ion

Sturm et al. Page 6

J Proteome Res. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



signal for three 2 μL injections, the signal loss associated with Stabilizor T1 treatment may
be decreased when pooling enough POs for discovery neuropeptidomic experiments (>
10).21, 36

Neuropeptide Signal Masking in Non-Stabilizor T1 Treated Tissues
Table 1 shows the peptides identified in each experimental comparison. In total, 18 AST-A
peptides, 15 AST-B peptides, one AST-C, a CCAP, 14 FLPs, three myosuppressins, an
orcomyotropin, 10 orcokinins, proctolin, seven RYamide peptides, and one other peptide
were identified from all four experiments using only two POs (one per crab). For a peptide
to be counted as present in an experiment, it had to be observed in at least 2 of the 3
biological replicates and validated by accurate mass, retention times between experiments,
and MS/MS spectra if the peptide was in high enough abundance. Supplemental Figure 3
shows MS/MS de novo sequenced spectra for neuropeptides identified in Table 1. The total
number of neuropeptides identified within each experiment was similar between
experiments and averaged to be 60. Within each experiment, the number of neuropeptides
identified using either stabilized or non-stabilized tissue was similar as well, suggesting that
potential postmortem fragments did not affect neuropeptide detection. Upon initial review,
there did not seem to be a great advantage to implementing the Stabilizor T1 into crustacean
PO neuropeptidomic studies. A closer inspection of the mass spectra data showed that tissue
stabilized with the Stabilizor T1 contained endogenous neuropeptide signals that were
masked by interfering ions only present in non-Stabilizor T1 treated samples. A total of five
neuropeptides were observed to be masked entirely or partially by an isotopic envelope from
an ion species unique to non-Stabilizor T1 treated samples. Four of the masking events
occurred during orcokinin elution times and one event occurred during the elution time of a
RYamide. Figure 4 gives two examples of the spectral masking observed in the experiments
affecting orcokinin peptide detection. Figure 4a, b, and c show the interference observed for
the doubly charged molecular ion of NFDEIDRSSFGFA (m/z 752.84) in acMeOH, DMF,
and boiling extraction experiments, respectively. The top panel of each sub-figure
demonstrates that tissue treated with the Stabilizor T1 lacked the interference observed in
non-Stabilizor T1 treated tissues (bottom panel). The bottom panel of each sub-figure shows
that the mass spectral profile of m/z 752.84+2 was masked by a quadruply charged
molecular ion in tissues not treated with Stabilizor T1. Without the Stabilizor T1, orcokinin
NFDEIDRSSFGFA would not be identified in an ESI-MS/MS experiment, as was the case
in a previous study.36 Fortunately, MALDI-MS experiments were performed in the previous
study, and the neuropeptide was identified in the blue crab PO peptidome, highlighting the
advantage of combining MALDI and ESI-based approaches. Figure 4d,e, and f show that
orcokinin NFDEIDRSSFGF (m/z 717.32+2) is clearly observed in Stabilizor T1 treated
tissues (top panel) but masked in non-Stabilizor T1 treated tissues by a triply charged
molecular ion (bottom panel).

One question resulting from these observations is how MS/MS spectra were affected by the
chimeric MS spectra. Figure 5a shows the tandem mass spectrum of NFDEIDRSSFGFA
([M+H]+ = m/z 1504.67) from a Stabilizor T1 treated tissue extract, and Figure 5b shows the
MS/MS mass spectrum of the boiling treated tissue extract of the same orcokinin. The MS/
MS mass spectrum of the orcokinin in the Stabilizor T1 treated tissue extract received a
PepSeq score of 403 whereas the orcokinin in boiled treated tissue extract received a PepSeq
score of 203. The disparity in scores can be attributed to the boiled sample’s chimeric MS
spectrum resulting in b and y ions from two differently charged molecular ions being present
in the same MS/MS spectrum. In this case, the PepSeq algorithm could not determine the [M
+H]+ of the orcokinin in the boiled MS/MS spectra because max charge state for fragment
ions was selected as +2. The three other orcokinin peptides affected by MS masking
interference also showed the same PepSeq score trend. In experiment 2, orcokinin
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NFDEIDRSSFa ([M+H]+ = m/z 1228.56) was only observed in the Stabilizor T1 treated
samples. In the non-stabilized DMF samples, the doubly charged ion (m/z 614.78) was
masked by a +6 charged ion envelope. In the case of orcokinins NFDEIDRSSFGF ([M+H]+

= m/z 1433.63) and NFDEIDRSSFGFV ([M+H]+ = m/z 1532.70), the Stabilizor T1 treated
tissues had PepSeq scores of 354 and 313, and the non-Stabilizor T1 treated tissues had
PepSeq scores of 333 and 113, respectively. In the case of RYamide pEGFYSQRYa, its
doubly charged molecular ion m/z 515.73+2 is co-isolated with a much lower abundance
quadruply charged ion envelope. The PepSeq scores for the Stabilizor T1 treated tissue
versus the scores for the boiling treated tissues were 24 and 32, respectively. Here, the score
for the non-Stabilizor T1 treated tissues is slightly higher than the Stabilizor T1 treated
tissue.

Additional Non-Interfering Ion Peaks in Non-Stabilizor T1 Treated Tissues
Although only five out of 72 neuropeptides were found to be masked by other ion species in
non-Stabilizor T1 treated tissues, many additional highly charged peaks were observed in
DMF extracted non-Stabilizor T1 treated tissues versus their Stabilizor T1 treated
counterparts. Supplemental Table 2 lists the additional ion peaks observed in non-Stabilizor
T1 treated tissues that were not observed in Stabilizor T1 treated samples. In experiment 1,
only 15 extra non-interfering ion envelopes were observed in the non-Stabilizor T1 treated
acMeOH extracted tissues. Experiments 2 and 3, which use DMF as the extraction solvent
have many more non-interfering ion peaks observed in non-Stabilizor T1 treated tissues than
were observed in experiment 1. In experiment 2, 97 non-interfering extra ion peaks were
observed in the non-Stabilizor T1 tissue and experiment 3 showed 59 non-interfering extra
ion peaks in non-Stabilizor T1 tissue. A total of 171 extra ion peaks were observed in
experiments 1, 2, and 4. Of those 171 ion peaks, only seven (4 %) had charges less than +3,
meaning that the majority of extra ion peaks have [M+H]+ greater than m/z 3000. This
suggests that the majority of putative post-mortem protein fragments (extra ion peaks in
non-Stabilizor T1 treated tissues) have a molecular weight greater than 3000 Da. It is
possible that some of these non-interfering ion peaks could be putative large neurohormones
like CPRP, crustacean hyperglycemic hormone, or other neuropeptide prohormone
proteolytic fragments. Mascot and accurate mass matching were used to determine if any of
the large [M+H]+ ions were known neurohormones or neurohormone fragments. Only one
of the [M+H]+ (m/z 3837) was identified as a CPRP peptide (Supplemental Figure 3). The
results indicate that the majority of extra peaks observed between Stabilizor T1 treated
tissues and non-Stabilizor T1 treated tissues can be classified as putative postmortem protein
fragments.

Conclusions
The observations reported in this article suggest that post-mortem protein fragments do not
affect crustacean neuropeptidomic studies to the same degree as mammalian studies using
MALDI or ESI MS techniques. In MALDI experiments, Stabilizor T1 treated samples
produce MS spectra containing peak profiles similar to those observed in samples not treated
with heat stabilization methods. In ESI experiments, tissues not treated with the Stabilizor
T1 produced more intense and more complex mass spectra over the course of the elution
gradient. The added complexity in the non-Stabilizor T1 treated tissue did not dramatically
affect the identification of endogenous crustacean neuropeptides through masking effects.
The degree of added complexity was more prominent in DMF extracted tissues than in
acMeOH extracted tissues. This suggests that acMeOH is a better protease inhibitor
extraction solvent than DMF, possibly due to its low pH. Neuropeptides that were affected
by coeluting chimeric species were still successfully de novo sequenced in four of five
instances. Only one peptide (NFDEIDRSSFa) was completely masked by a chimeric species
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in non-treated DMF extracted tissues and not clearly observed. Although the majority of
extra ion peaks observed in non-Stabilizor T1 treated samples did not mask identified
neuropeptides in blue crab PO extracts in this study, neuropeptidomic studies performed in
other species and neural organs may be more affected by the high abundant, highly charged
ions. We suggest that a preliminary experiment utilizing the Stabilizor T1 in the sample
processing workflow should be performed to test its necessity in fully characterizing the
neuropeptidome of another neural organ or another crustacean species. The benefits of
decreased spectral complexity need to be balanced with the slightly reduced neuropeptide
signal to determine if the Stabilizor T1 or other heat deactivation step would be necessary
and beneficial for the outcome of the experiment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental workflow. (a) Four experiments were carried out in this study. In experiment
1, acMeOH was used for neuropeptide extraction, whereas in experiments 2, 3, and 4, DMF
was used to extract neuropeptides. (a, b) Right and left POs were removed from two crabs.
Removed right POs were pooled together and processed using the “Treatment A” workflow.
Removed left POs were pooled together and processed using the “Treatment B” workflow.
POs were either placed directly into an extraction solvent (acMeOH or DMF) or subjected to
tissue stabilization (Stabilizer T1 or boiling) and then placed in extraction solvent. Tissue
was then homogenized, neuropeptides extracted, concentrated, and subjected to mass
spectral analysis by nanoLC-ESI-MS/MS and MALDI-TOF-MS. (c) It was expected to find
instances where no neuropeptide interference would be observed, regions where an isotopic
envelope from non-stabilized samples would mask neuropeptide signal, and regions where
ion peaks present only in non-stabilized tissues would be detected, constituting additional
non-interfering peaks.
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Figure 2.
MALDI-TOF-MS spectra for one biological replicate of a) acMeOH versus Stabilizor T1
and b) DMF versus Stabilizor T1. Mass spectra between the two sample treatments in both
experiments are similar. No noticeable interfering, ionization efficiency perturbing
molecular ions were observed in m/z 650 to 1600.
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Figure 3.
Base peak ion (BPI) chromatograms of each neuropeptide sample preparation experiment. a)
acMeOH versus Stabilizor T1. b) DMF versus Stabilizor T1. c) DMF versus boiling. d)
Boiling versus Stabilizor T1. In all biological replicates, the BPI of tissue stabilized with
Stabilizor T1 prior to neuropeptide extraction was lower than non-stabilized, or boiling
stabilized issue.
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Figure 4.
Examples of neuropeptides masked by interfering ion peaks. a), b), and c) show that
orcokinin NFDEIDRSSFGFA (m/z 752.84+2) is easily observed in Stabilizor T1 treated
tissue extracts but masked by a quadruply charged ion envelope in tissue not treated with the
Stabilizor T1. d), e), and f) show that orcokinin NFDEIDRSSFGF (m/z 717.32+2) is easily
observed in Stabilizor T1 treated tissue extracts but masked by a triple charged molecular
ion in tissue not treated with the Stabilizor T1
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Figure 5.
MS/MS fragmentation spectra of masked orcokinin NFDEIDRSSFGFA ([M+H]+ = m/z
1504.67) identified using Waters PepSeq algorithm. a) MS/MS of PO tissue extract treated
with Stabilizor T1. b) MS/MS of PO tissue extract treated with boiling. Both tissue samples
were extracted with DMF. The [M+H]+ ion is correctly identified in the Stabilizor T1
treated sample with a PepSeq score of 403 whereas the [M+H]+ ion is incorrectly identified
in the boiled tissue extract resulting in a PepSeq score of 260.
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