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Abstract

Hypoxia (i.e., low oxygen (Oz2) levels) is a common environmental challenge for several
aquatic species, including fish and invertebrates. To survive or escape these conditions, these
animals have developed novel biological mechanisms, some regulated by neuropeptides. By
utilizing mass spectrometry (MS), this study aims to provide a global perspective of
neuropeptides in the blue crab, Callinectes sapidus, and their changes over time (0, 1, 4, and 8
hours) due to acute, severe hypoxia (~10% O2 water saturation) stress using a 4-plex reductive
dimethylation strategy to increase throughput. Using both electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI) MS, this study provides complementary
coverage, allowing 88 neuropeptides to be identified. Interesting trends include (1) an overall
decrease in neuropeptide expression due to hypoxia exposure, (2) a return to basal levels after 4
or 8 hours of exposure following an initial response, (3) changes only after 4+ hours exposure,
and (4) an oscillating pattern. Overall, this study boosts the power of multiplexed quantitation to

understand the large-scale changes due to severe hypoxia stress over time.
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Introduction

Estuaries and coastal ecosystems are increasingly threatened by climate change, poorly
managed wastewater, and agricultural and industrial runoff.! These factors often lead to
eutrophication of coastal waters, causing large algal blooms and subsequent hypoxic (i.e., low
oxygen (02)) episodes that can last for hours to days.? Aquatic hypoxia also occurs naturally from
a multitude of hydrodynamic and meteorological effects.’> During hypoxic episodes, the dissolved
O2 in the water greatly decreases, causing massive dead zones and a reduction in biodiversity as
organisms are deprived of oxygen. Environmental hypoxia occurs most frequently in the spring
and summer and can last for months.> As commercially-fished species rapidly perish during these
times, the repercussions of hypoxia become economic as well as environmental.*

Although many aquatic organisms are affected by hypoxia, the blue crab, Callinectes
sapidus, is of particular interest. The blue crab possesses both environmental and economic
relevance as it is frequently fished from estuaries plagued by eutrophication and hypoxia.? In the
literature, hypoxia has been shown to cause decreased rates of reproduction, growth, and feeding,
and increased mortality rates in aquatic species.’ Due to the adverse effects of hypoxia, the blue
crab has developed interesting ways of surviving the low levels of dissolved Oz. Prior studies have
observed hypoxia-initiated defensive behaviors, including inactivity, self-burying, and migration
towards shallower, more O>-rich waters.’ Additionally, the composition of hemocyanin (i.e., O2
transport protein analogous to hemoglobin) has been shown to change in response to hypoxia,®’
demonstrating physiological defensive mechanisms as well.

The variable behavioral and physiological changes in C. sapidus suggest the presence of
complex signaling pathways involved in survival. Neuropeptides are short amino acid chains that

act as signaling molecules within the nervous and neuroendocrine system. Previously,



neuropeptides have been implicated in a range of environmental stress responses, including
temperature® and salinity fluctuations.” They can have highly diverse effects within the body while
also maintaining low in vivo concentrations.'’ Prior research has shown that the crustacean
hyperglycemic hormone (CHH) is a neuropeptide involved in regulating the response to hypoxia
in the blue crab,!! while global dynamic changes of neuropeptides during acute hypoxia have not
been systematically evaluated. By examining the neuropeptide expression changes in the blue crab,
their role in survival can be better understood.

Unfortunately, the high chemical diversity, low in vivo concentrations, and rapid
degradation of neuropeptides makes their study challenging. Mass spectrometry (MS)—using both
matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI)-has proven
to be an effective method of analyzing neuropeptides as it offers high sensitivity, high specificity,
and can provide both quantitative and sequence information. Additionally, because it requires no
prior knowledge of the analyte, MS is ideal for discovering novel neuropeptides involved in
response to hypoxia. Relative quantitation of neuropeptides by MS is typically achieved by
employing either MS!-based labeling strategies (e.g., reductive dimethylation (also known as
dimethyl labeling), iDiLeu, and mTRAQ),'*!* or tandem MS (MS/MS or MS?-based) labels (e.g.,
iTRAQ, TMT, and DiLeu).">'” MS/MS reporters require the neuropeptide be selected for
fragmentation to be quantified. The low abundance of many neuropeptides, however, makes their
selection for MS/MS Iess likely. For this reason, MS'-based labeling strategies are often selected
for neuropeptide quantitative analyses.

Previously, experiments have utilized duplex reductive dimethylation to analyze
neuropeptidomic changes in crustaceans.® ° Stable isotopes, supplied by isotopic formaldehyde,

are added to the N-termini and lysine side chains of peptides by reductive dimethylation, adding



two methyl groups, which add either 28.03130 or 32.05641 Daltons (Da) to each primary amine,
depending on the stable isotopes being incorporated. The heavy- and light-labeled samples are
analyzed simultaneously to provide relative quantitation information between experimental and
control conditions. Though effective, duplex labeling requires an individual control sample for
each experimental sample. Expanding the multiplexing capabilities of reductive dimethylation
strategies greatly reduces the number of samples needed as multiple samples can be compared to
a single control. Simultaneous analysis of the differentially labeled samples also reduces the
instrument time required and the run-to-run variability. A 4-plex reductive dimethylation method
is achieved by selecting formaldehyde with different combinations of '2C/!*C and H/D, providing
four distinct mass additions (+28.03130, +30.03801, +32.05641, and +34.06312 Da) that can be
incorporated at the N-termini and lysine residues via reductive dimethylation.'®2° This is a cost-
effective approach to increase both throughput and quantitative abilities.

In this study, 4-plex reductive dimethylation was used to quantify the relative changes in
expression of neuropeptides in Callinectes sapidus after 1, 4, and 8 hours of hypoxia exposure.
These exposure durations are reflective of hypoxia exposure before blue crabs manage to escape
hypoxic episodes and have been studied previously.> The multiplexed samples were analyzed by
both MALDI- and ESI-MS to provide enhanced, complementary coverage of the crustacean
neuropeptidome.?' In fact, 88 identified neuropeptides were found using both ESI- and MALDI-
MS analyses. Several trends were revealed in this time course study, including an oscillating
expression pattern. A qualitative approach was also taken to investigate neuropeptides that only

expressed themselves after hypoxia stress.

Materials and Methods



Methanol (MeOH), acetonitrile (ACN), glacial acetic acid (GAA), ammonium
bicarbonate, and all crab saline components (see below) were purchased from Fisher Scientific
(Pittsburgh, PA). Formaldehyde (CH20), 1*C-formaldehyde (}*CH20), D2-formaldehyde (CD20),
13CD;,-formaldehyde ('*CD20), and borane pyridine complex (~8M BH3) were acquired from
Sigma-Aldrich (St. Louis, MO). 2,5-dihydroxybenzoic acid (DHB) was obtained from Acros
Organics (Morris, New Jersey), and formic acid (FA) was purchased from Fluka (Mexico City,
Mexico). All water (H20) used in this study was either HPLC grade or doubly distilled on a
Millipore filtration system (Burlington, MA), and C18 Ziptips were purchased from Millipore
(Burlington, MA). All LC solvents were Fisher Optima Grade.

Animals and Stress Experiment

All female blue crabs, Callinectes sapidus, were purchased from LA Crawfish Company
(Natchitoches, LA). After transport, crabs were allowed to recover in artificial seawater made to
be 35 parts per thousand (ppt) salinity, 17-18 °C, and 8-10 parts per million (ppm) (~80-100%)
Oz for several days (>5) prior to being exposed. To mimic severe hypoxia (1 ppm, ~10% O2), a
tank was sparged with N2 gas for 30-40 minutes to reduce the dissolved Oz to 1 ppm as measured
by a Pinpoint II Oxygen Monitor. A plastic tarp was placed on top of the water’s surface to
minimize water-air oxygen exchange during sparging. A crab was then placed in the tank for the
desired amount of time (i.e., 1 hour, 4 hours, or 8 hours), anesthetized on ice for 20 minutes, and
sacrificed for its organs of interest as previously described.?? All dissections were performed in
chilled (~ 10 °C) physiological saline (composition: 440 mM NaCl; 11 mM KCI; 13 mM CaCly;
26 mM MgClz; 10 mM Trizma acid; pH 7.4 (adjusted with NaOH)).

Sample Preparation

For each bioreplicate, one set of each tissue of interest (i.e., sinus gland (SG) (2), brain,



pericardial organ (PO) (2), commissarial ganglion (CoG) (2), and thoracic ganglion (TG)) was
extracted with a Fisherbrand Model 120 probe sonicator/sonic dismembrator with chilled
acidified MeOH (90:9:1 MeOH:H20:GAA; volume (v):v:v). Each sample was sonicated three
times for 8 seconds at 50% amplitude with a 15 second break in between each sonication. After
centrifugation at 20,000 rpm for 20 minutes at 4 °C, the supernatant was collected and dried
down in a Savant SCV100 Speedvac. All crude extracts were purified using C18 ZipTips
following the manufacturer’s protocol. All samples were centrifuged at high speed (>10,000
rpm) briefly prior to purification. Control and hypoxia-exposed samples were differentially
labeled via reductive dimethylation using a previously published protocol'®?° with slight
modifications. In short, the labeling uses acidic conditions to preferentially label the N-terminus.
The samples were all differentially labeled as follows: (a) control (i.e, 0 hours) with
formaldehyde (CH20, +28.03130 Da), (b) 1 hr exposure with *C-formaldehyde (}*CH-0,
+30.04391 Da), (c) 4 hr exposure with D2-formaldehyde (CD20, +32.05641 Da), and (d) 8 hr
exposure with 1*C, D2-formaldehyde (13CD20, +34.06902 Da). Borane pyridine was the
reducing agent. All samples were mixed 1:1:1:1 after being quenched with ammonium
bicarbonate. The multiplexed samples were then processed two different ways: (a) spotted with
150 mg/mL DHB (in 50:50 MeOH:H20 with 0.1% FA) on a stainless-steel plate to be analyzed
by a Thermo MALDI-LTQ-Orbitrap XL or (b) purified again with C18 ZipTips and analyzed by
a Thermo Q Exactive (QE) coupled to a Waters nanoAquity system.
MS Data Collection

MALDI samples were spotted in triplicate and analyzed in the mass-to-charge ratio (m/z)
500-2000 range at a resolution of 60,000 on the MALDI-LTQ-Orbitrap XL. ESI samples were

injected in triplicate onto a homemade C18 column (14-16 cm), from which the analytes were



eluted using a 90-minute gradient (10% B to 35% B) with H20 (0.1% FA) (A) and ACN (0.1%
FA) (B) and analyzed by the QE in a mass range of m/z 200-2000 with a top 15 data-dependent
acquisition method with high-energy collision dissociation. MS' and MS/MS spectra were
collected at a 70,000 and 17,500 mass resolution, respectively. All data collection parameters for
MALDI- and ESI-MS are included in Tables S1 and S2, respectively.
Data Analysis

Data collected by MALDI-MS was analyzed by exporting all the m/z values from Xcalibur
and processed using a custom program written in Java by accurate mass matching (+5 ppm) with
an intensity threshold of 100. Neuropeptides were identified by matching their masses to an in-
house database, accounting for the addition of +28.03130, +30.03801, +32.05641, and +34.06312
Da on the N-terminus from isotopic reductive dimethylation. Isotopic correction was performed
manually post-extraction of the m/z intensities using previously published correction factors.!”
ESI-MS raw data were imported into PEAKS 8.5 software for de novo sequencing and database
matching. Database search results initially were filtered using a 1% false discovery rate. Isotopic
corrections were performed automatically within the software prior to the database search. Peak
areas were then extracted for corresponding tandem MS-identified neuropeptide peak sets if they
were detected in at least 1 technical replicate (n=3), 3 biological replicates (n=8 for brain, CoG,
PO, and TG; n=7 for SG), were unique to that neuropeptide, and eluted within + 2 minutes from
each other. Dimethylation of both the N-terminus and lysine g-amino groups were considered for
ESI data which has MS/MS data for validation; conversely, only labeling of one location (i.e., N-
terminus) was considered for MALDI data (e.g., mass increase of one dimethyl group) due to the
acidic conditions used during labeling. Peptides known to be amidated (e.g., RFamide, RYamide,

allatostatin) were only considered in this data if they were identified in their amidated form. All



fragments of a neuropeptide identified by ESI-MS were equally weighted for the calculation ratios.
For both MALDI- and ESI-MS analyses, all channels were normalized by taking individual
intensity or peak areas divided by the total intensity or peak area. Ratios were then calculated by
dividing the normalized intensity of either the +30.03801, +32.05641, or +34.06312 channel by
the +28.03130 channel’s normalized intensity. Statistical significance between experimental and
control samples was determined by a Dunnett’s test, which is utilized for comparing multiple
experimental conditions to a single control.?* 24 If only the control and one other time point were
detected, a t-test was used to determine significance. All parameters used for data processing are

included for MALDI- and ESI-MS in Table S1 and S3, respectively.

Results and Discussion
Method Development

Hypoxia is rampant in coastal estuaries, and profiling the molecules (e.g., neuropeptides)
that are implicated in the stress response, especially in crustaceans that tend to reside in these
areas, is a priority.* 2° In particular, a temporal component is important to consider more than just
the immediate response to a stress. Short-term changes could be due to hyperarousal, and long-
term exposure could reveal an alternative, possibly novel mechanism for surviving these stressful
conditions until the hypoxic episode ends, which could be a few hours to days.?¢ In order to
examine four time points (i.e., 0, 1, 4, and 8 hours), a multiplexing strategy was implemented
using reductive dimethylation. In the literature, this technique has been utilized in a 2-plex, 3-
plex, and 5-plex form, but a 4-plex version has not been investigated further.” '% 82730 T ytilize
a 4-plex version of reductive dimethylation, deuterium is not required to be present in the

reducing agent, unlike the 3- and 5-plex. Thus, a borane pyridine complex is used as a reducing



agent, which has already been proven to be successful for the 2-plex reductive dimethylation
model (Figure 1).% % 2%3% One concern for multiplexing beyond 2-plex is isotopic overlap, and
formulas have been derived to handle this issue specifically for 5-plex reductive methylation.'
These published corrections values were used for the processing of the MALDI data but was
unnecessary for ESI data as the pre-processing performed in PEAKS automatically includes
correcting the raw data for isotopic interferences.

Figure 2a shows an example spectrum of allatostatin B-type VPNDWAHRFGSWamide
(m/z 1470.703) found in the PO from the 4-plex labeled experimental data set. As expected, four
distinct peaks in the spectra that were separated by ~2 Da are seen. In this spectrum, a dynamic,
overall increase in neuropeptide expression due to increased time exposure of hypoxia stress is
also observed. To test the quantitative accuracy of this system a 1:1:1:1 labeling experiment was
performed, and the average abundance ratios were all within 15% of the expected ratio (+30/+28:
0.89; +32/+28: 0.93; +34/+28: 0.99). Compared to 2-plex reductive dimethylation, which

8.9.30 one particular challenge

traditionally has been used for crustacean neuropeptidomic studies,
is identifying all channels due to spectral complexity, as seen in Tables S4-7. It is important to
note that detecting the control channel is imperative for quantitative analysis, but there is value in
also investigating those neuropeptides that are not expressed in the control channel (see
Qualitative Analysis) (Table S8).

Overall, in this study, 88 neuropeptides across five different tissues (i.e., SG, brain, PO,
CoG, and TG) were identified using both MALDI- and ESI-MS, with a majority of the
identifications coming from ESI-MS only (~60%) (Figure 3). This small overlap is likely due to

the following factors: (1) Different neuropeptide masses that can be identified between ESI- and

MALDI-MS. MALDI-MS is known to primarily produce singly-charged ions, which limits the
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instrument’s ability to analyze neuropeptides with m/z 2000 or lower (i.e., due to our mass range
being m/z 500-2000). Compared to MALDI-MS, ESI-MS has the inherent advantage of
producing multiply charged ions, allowing for the identification of larger neuropeptides. (2)
MALDI- and ESI-MS have different identification strategies. No MS/MS is performed during
MALDI-MS analysis; only accurate mass matching (£5 ppm) is done to identify neuropeptides.
On the other hand, ESI-MS relies upon MS/MS fragmentation to de novo sequence the MS/MS
spectra and then match to a provided database. This translates to point (3) and (4). Accurate mass
matching limits the identifications to only full-length neuropeptides and only those with single
dimethylation sites to reduce false discovery rates. Since ESI-MS/MS relies upon de novo
sequencing, truncated fragments of the neuropeptides can be identified as well as peptides with
multiple dimethylation sites can be identified accurately. It should be noted that our acidic
labeling conditions cause dimethylation to preferentially occur at the N-terminus. While labeling
of lysine residues in the MALDI-MS data was not considered, we only have 4 of the 35
neuropeptides identified contained internal lysine residues, and most crustacean neuropeptides
<2000 Da do not contain lysine residues. Finally, (5) MALDI- and ESI-MS have different
ionization mechanisms, leading to largely different ionization efficiencies for different peptides
between these two techniques and producing complementary identifications. Taking all of these
factors into consideration, it is not surprising that only 5 neuropeptides were found in common.
The five neuropeptides that overlapped included (1) RFamide SMPTLRLRFamide (m/z
1119.646), (2) orcomyotropin FDAFTTGRGHS (m/z 1186.516), (3) orcokinin NFDEIDRSGFA
(m/z 1198.549), (4) orcokinin NFDEIDRSGFA (m/z 1270.570), and (5) allatostatin B-type
VPNDWAHFRGSWamide (m/z 1470.703). Although they may overlap, in some cases they were

identified in different tissues (i.e., orcomyotropin FDAFTTGRGHS (m/z 1186.516)) or were
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identified in different channels (i.e., RFamide SMPTLRLRFamide (m/z 1119.646)), boasting the
power of using complementary methodology to improve the understanding of the temporal
effects of hypoxia stress.
Quantitative Analysis

Neuropeptides identified in the ESI- and MALDI-MS datasets in at least three biological
replicates are shown in Tables S4 -S7. All neuropeptides that had a statistically significant
change at in multiple time points during the hypoxia exposure time course are highlighted in
Figures 4 and 5. From these results, several trends were revealed: (1) Of the neuropeptides
quantified, the bulk majority are decreased in expression in response to hypoxia. This could be
interpreted as a decrease in overall activity to conserve energy to try to outlive the hypoxic
episode. This is substantiated by prior publications demonstrating decreased gene expression in
response to hypoxia.’! (2) Although an initial response was observed at 1 hour of exposure, after
4 or 8 hours of exposure the neuropeptide expression was no longer significantly different than
the control (i.e., basal levels). This suggests a hyperarousal response and is seen in the
allatostatin A-type SKSPYSFGLamide, RFamide SENRNFLRFamide, and the RYamide
GFVSNRYamide. The dysregulation of these neuropeptides could provide an initial survival
mechanism for short bouts of hypoxia. For example, in crustaceans, allatostatin A-type
neuropeptides are well documented for being inhibitory neuro/myomodulators,®? so their
expression changes could serve to protect the crab from hypoxia by decreasing heart rate. (3)
Some neuropeptides were only increased or decreased after a certain duration of hypoxia
exposure (i.e., after 4 or 8 hours). This trend was observed across different tissue types but most
notably in the PO. Four allatostatin A-type neuropeptides (i.e., SNPYSFGLamide,

AGPYSFGLamide, SDMYSFGLamide, and SGNYNFGLamide) and two orcokinins (i.e.,
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NFDEIDRSSFGFV and NFDEIDRSGFGFV) showed significant decreases after 8 hours of
hypoxia exposure. The down regulation of these neuropeptides could suggest a survival
mechanism better suited to longer hypoxia exposure (as opposed to those in trend 2).
Alternatively, the hypoxia-exposed crab could be approaching death after 8 hours of severe
hypoxia, so the downregulation of these neuropeptides could be a result of that process. (4) An
oscillating expression pattern was observed. After 1 hour of exposure, there was a significant
change in the neuropeptide content, followed by a return to the basal level at the 4-hour time
point. Finally, after eight hours of exposure, the expression levels are similar to what was
observed at the 1-hour time point. This trend is most prevalent in the SG, with both up and
downregulation observed. Moreover, the change is not limited to specific neuropeptide families
and was seen in the allatostatin A-type TPHTY SFGLamide, allatostatin B-type neuropeptides
AWSNLGQAWamide and STNWSSLRSAWamide, CHH-precursor related peptide
SLKSDTVTPLLG, orcokinin NFDEIDRSGFG, and orcomyotropin FDAFTTGFGHS. The
variety of neuropeptides and families suggests that, in general, the crab may be going in and out
of either escape or coma-like activities in order to survive the harsh, hypoxic environment.

Of interest are also neuropeptides that do not have statistically significant changes,
especially those that do not change across the entire time course. When looking through both the
ESI- and MALDI-MS data, the bulk of neuropeptides identified did not have any significant
changes at any point in the time course (20/35 and 31/58 neuropeptides for MALDI- and ESI-
MS data, respectively). This overall trend is not unique to any tissue, but many neuropeptide
families, including calcitonin-like hormone, cryptocyanin, proctolin, pyrokinin, SIFamide, and
RYamides, showed no significant changes throughout the entire study, indicating that these

families may contain neuropeptides whose expression levels were resistant to hypoxia stress-
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induced biochemical changes. These neuropeptide families have diverse or unknown functions;
for example, proctolin has widespread modulatory function throughout the entire nervous
system, while functional roles of pyrokinins, SIFamides, and RYamides have not been studied in

1.>2 Recent studies have shown that pyrokinins influence the cardiac

the same detai
neuromuscular system.*! Conversely, there is evidence that SIFamide neuropeptides directly
affect the feeding-related gastric mill and pyloric circuits in the crab C. borealis.** RYamides
have been found to be a member of the bilaterian family of LUQIN/RYamide-type
neuropeptides. Although their direct functionally in crustaceans is yet to be explored thoroughly,
this family of neuropeptides has also been found to be important in feeding.***** Overall, since
changes in these neuropeptide families would directly impact viability and thus indicate the
crustacean’s life declining, the significantly quantified changes in neuropeptides are likely due to
the direct effects of hypoxia exposure.
Qualitative Analysis

For relative quantitation of a neuropeptide, the neuropeptide must be identified in at least
the control and one other channel. Unfortunately, this does not allow quantification of
neuropeptides that were expressed only after hypoxia exposure or ceased to be expressed after
hypoxia exposure. Table S8 provides a representative sample of those neuropeptides that were
unable to be quantified. All tissues except the TG had neuropeptides that were only measurable
in the control condition, such as allatostatin A-type GPYSFGLamide (m/z 739.377) in the brain,
CoG, and PO. This could indicate these neuropeptides were released from the tissue into the
hemolymph or degraded after hypoxia exposure. Similar to trend 3 (see Quantitative Analysis),

there were several examples of neuropeptides only appearing after hypoxia exposure. Some

neuropeptides were detected over the entire time course (e.g., allatostatin A-type
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TPHTYSFGLamide (m/z 1021.510) in the PO and crypotocyanin KIFEPLRDKN (m/z 1259.711)
in the SG), while others may only appeared at specific time points. For example, allatostatin A-
type AGPYAFGLamide (m/z 794.420) in the PO and RFamide LAPQRNFLRFamide (m/z
1260.732) in the SG were only detected after 1 hour of severe hypoxia exposure but were not
detected in the other channels. Overall, due to the variable neuropeptide families, their functions,
and various tissues, it is difficult to discern the true physiological implications of each of these
trends. It is clear, however, that they all play distinct roles in how the crustacean survives both
short- and long-term hypoxia stress.>?

Of particular interest to hypoxia stress are RFamides, RYamides, and tachykinins,
because their mammalian homologs, neuropeptide Y (NPY) and substance P (SP), have been
implicated in hypoxia stress.*-* All three families are known for their dynamic functional roles
in the nervous system, and it is expected that they will have a diverse response due to stress,
including hypoxia stress.*? In the brain, PO, and SG, several RFamide and RYamide isoforms
consistently appeared only after hypoxia stress. Many of these were highlighted in the trends
above, including RFamide AYNRSFLRFamide (m/z 1172.632) in the brain, RFamide
DPSFLRFamide (m/z 853.409) in the PO, RFamide SGRNFLRFamide (m/z 995.553) in the SG,
RYamide LGRVSNRYamide (m/z 954.516) in the PO, and RYamide LSSRFVGGSRYamide (m/z
1227.659) in the PO. The range of changes observed in RFamides and RYamides, which are
homologs to NPY,*"-*8 emphasizes the importance of analyzing isoforms due to their possible
different functions within the body, especially in understanding stress. It should also be noted
that two tachykinin family neuropeptides (i.e., APSGFLGMRG (m/z 992.498) in the brain and
SGFLGMRamide (m/z 766.403) in the CoG), which are homologous to SP,** were identified

only after exposure to severe hypoxia. Either way, validation studies with hemolymph analysis
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are of interest to truly characterize if these neuropeptides were being released after hypoxia
exposure (in cases where the neuropeptides were only detected in the control condition) or were
already present in the hemolymph to target these tissues after exposure to hypoxia stress (in cases

where they appear only after hypoxia stress).

Conclusions and Future Directions

Neuropeptidomic studies offer new possibilities in untangling complex signaling pathways
involved in a wide range of biological processes, such as environmental stress response.
Characterization of neuropeptides, however, presents many challenges as these signaling
molecules are highly diverse and the analysis is often sample-limited. By utilizing isotopic
reductive dimethylation, the efficacy of using multiplex labeling to quantify neuropeptidomic
changes in the blue crab, Callinectes sapidus after exposure to different durations of severe
hypoxia is demonstrated. Several statistically significant changes were observed in both the
MALDI- and ESI-MS datasets. Complementing the data presented here and offering further
validation of the results, analyzing the spatial distribution of neuropeptides using MS imaging
would allow observation of changes that would otherwise be missed by analyzing only abundance
changes. Furthermore, analysis of the crustacean circulating fluid (i.e., hemolymph) could

demonstrate the secretion and transport of specific signaling molecules.

Supporting Information

The following supporting information is available free of charge at ACS website
http://pubs.acs.org.

Supporting Tables S1-S8.

Table S1. MALDI-MS instrument acquisition and data analysis settings.
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Table S2. Chromatography and ESI-MS instrument acquisition.

Table S3. ESI-MS data analysis settings.

Table S4. Ratios (stressed/control) of neuropeptides that were detected in at least three biological
replicates in the MALDI-MS results.

Table S5. Ratios (stressed/control) of neuropeptides that were detected in at least three biological
replicates for the brain, CoG, and TG in the ESI-MS results.

Table S6. Ratios (stressed/control) of neuropeptides that were detected in at least three biological
replicates for the PO in the ESI-MS results.

Table S7. Ratios (stressed/control) of neuropeptides that were detected in at least three biological
replicates for the SG in the ESI-MS results.

Table S8. Select neuropeptides that were unquantifiable due to no detection in either the control

tissue or the hypoxia-stressed tissue.

Data deposition
The mass spectrometry proteomics data have been deposited to the ProteomeXchange

Consortium via the PRIDE [1] partner repository with the dataset identifier PXD014688.
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Figure 1. Reaction scheme for each channel of the 4-plex reductive dimethylation utilized in this

study. 1*C and D were the only isotopes utilized.
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Figure 2. Sample spectrum of 4-plex reductive dimethylation. Each label is spaced by ~2 (2.0126
Da to be exact). The representative neuropeptide is allatostatin B-type VPNDWAHRFGSWamide
(m/z 1470.703) found in the PO. The accurate mass increases are described in Figure 1 and as

follows: +28=+28.0313 Da, +30=+30.0439 Da; +32 =+32.0564 Da; +34=34.0690 Da.
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Figure 3. A Venn diagram depicting the neuropeptide overlap (regardless of expression changes)
between ESI- and MALDI-MS. Only neuropeptides that were found in at least 3 biological
replicates in both the control and at least one other channel in the SG, brain, PO, CoG, or TG were
included. The five neuropeptides that overlapped included (1) RFamide SMPTLRLRFamide (m/z
1119.646), (2) orcomyotropin FDAFTTGRGHS (m/z 1186.516), (3) orcokinin NFDEIDRSGFA
(m/z 1198.549), (4) orcokinin NFDEIDRSGFA (m/z 1270.570), and (5) allatostatin B-type

VPNDWAHFRGSWamide (m/z 1470.703).
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Figure 4. A bar graph of the ratios of all neuropeptides found to have significant differences
between a control and at least two of the three time points (i.e., 1 hour (yellow), 4 hour (orange),
and 8 hour (pink)) for severe (i.e., 1 ppm O2) hypoxia exposure identified by MALDI-MS.
Neuropeptides were found in the brain (Br), CoG, PO, and SG. The x-axis shows the neuropeptides’
sequences, and the y-axis represents the logio ratio of hypoxia-stressed to a control. The asterisk
(*) represents statistical significance determined by a Dunnett’s test. The error bars reflect the

standard error of the mean (SEM).
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Figure 5. Bar graphs of the ratios of all neuropeptides found to have significant differences
between a control and at least two of the three time points (i.e., 1 hour (yellow), 4 hour (orange),
and 8 hour (pink)) for severe (i.e., 1 ppm O2) hypoxia exposure identified by ESI-MS. (A)
Neuropeptides found in the brain (Br), CoG, and PO. (B) Neuropeptides found in the SG and TG.
The x-axis shows the neuropeptides’ sequences, while the y-axis represents the log (to the power
of 10) ratio of hypoxia-stressed to a control. The asterisk (*) represents statistical significance
determined by a Dunnett’s test. The error bars represent standard error of the mean (SEM).
Bursicon (PO) refers to the sequence
DECSLRPVIHILSYPGCTSKPIPSFACQGRCTSYVQVSGSKLWQTERSMCCQESGEREAAI
TLNCPKPRPGEPKEKKVLTRAPIDCMCRPCTDVEEGTVLAQKIANFIQDSMPDSVPFLK.
PDH #1 (SG) and PDH # 2 (SG) refer to neuropeptides
QELKYQEREMVAELAQQIYRVAQAPWAAAVGPHKRNSELINSILGLPKVMNDAamide
and QEDLKYFEREVVSELAAQILRVAQGPSAFVAGPHKRNSELINSLLGIPKVMNDAamide

found in the pigment dispersing hormone family.
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