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Abstract

Neuromodulators and neurotransmitters play important roles in neural network development. The
quantitative changes of these signaling molecules often reflect their regulatory roles in
physiological processes. Currently, several commercial tags (e.g., iTRAQ and TMT) have been
widely used in proteomics. With reduced cost and higher labeling efficiency, we employed a set of
custom-developed N, N-dimethyl leucine (DiLeu) 4-plex isobaric tandem mass tags as an attractive
alternative for the relative quantitation of neuropeptides in brain tissue of American lobster
Homarus americanus at multiple developmental stages. A general workflow for isobaric labeling
of neuropeptides followed by LC-MS/MS analysis has been developed, including optimized
sample handling procedures. Overall, we were able to quantify 18 trace-amount neuropeptides
from 6 different families using a single adult brain as a control. The quantitation results indicated
that the expressions of different neuropeptide families had significant changes over distinct
developmental stages. Additionally, our data revealed intriguing elevated expression of
neuropeptides in the early juvenile development stage. The methodology presented here advanced
the workflow of Dileu as an alternative labeling approach and the application of DilLeu-based
quantitative peptidomics, which can be extended to areas beyond neuroscience.
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INTRODUCTION

Decapod crustaceans, including the American lobster Homarus americanus, serve as a
classic model for neurobiology studies due to their simple and well-characterized
neurological systems.1=3 The stomatogastric nervous system (STNS) and central nervous
system (CNS) are two major neurological systems in the American lobster that contain
several important neural organs. Many behaviors such as swallowing, chewing, circadian
rhythms, and feeding are controlled by these two systems.*® In particular, the brain plays
very important role in neuromodulation. For example, sensory input to the brain of decapod
crustaceans is provided by compound eyes mediating vision or an array of specialized
sensilla located at antennules mediating all other sensory modalities. The brain is also
connected with the STNS by projection through the commissural ganglia (CoG) or directly
into the stomatogastric ganglion (STG) to regulate the motor patterns in the stomach.”:8
Considering this critical location and interweaving nerve connections, the identification of
signaling molecules in this highly complex neuronal structure needs to be addressed first,
which could provide molecular clues on the relationship between certain neurotransmitters/
hormones and behaviors.

However, the dynamic changes of these signaling molecules throughout development have
not been well studied. Neurogenesis can occur at any time in any developmental stage.® In
H. americanus, it takes about 7 years and over 20 molts for a lobster to become an adult.
During this process, chemosensory receptors are continuously added in the antennules, and
the new sensory axons grow into the primary chemosensory processing areas in the brain.10
Another study showed that the brain size as well as deutocerebral organization changes as
the development proceeds.1! Therefore, a developmental study would be important to
elucidate the changes of neurotransmitters complements that are occurring in the brain, in
particular neuropeptides, which are known to be heavily involved in proper development.12
This information can offer clues on the regulation of neuropeptides and other
neurotransmitters on growth and development.
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Initially, immunocytochemistry and physiological studies have been employed to
characterize the complement and acquisition of neuropeptides and their receptors.813-20 A
study performed on fruit fly Drosophila compared the neuropeptide complements and
distributions in the CNS of larvae and adult and showed distinctions between these two
developmental stages.13 There are also reports on the CNS of the crustacean and other
arthropods that describe the immunochemical reactivity of some neuropeptides like
FMRFamide.14-17 Specifically, in H. americanus, it has been shown that the synthesis of
neuropeptides in the STNS of the American lobster occurs sequentially, and some
neuropeptides are not present until larval stages.8-18-20 Researchers now ask about the global
neuropeptidomic changes in the brain, specifically if they are the same at each stage of
development. If they are the same, we can ask if several neuropeptide families show distinct
abundance differences and finally if these abundances can be compared to the brain size at
each developmental stage.

To answer the above quantitative questions, mass spectrometry (MS) has been commonly
utilized. MS was proven to be a sensitive and accurate tool for characterizing neuropeptides
and other neurotransmitters, especially in crustaceans.1:221.22 Many of the previous
immunocytochemical results have been confirmed and expanded by MS since the latter can
be more specific to neuropeptide isoforms.23-28 A combination of online liquid
chromatography (LC) tandem MS (MS/MS) and matrix-assisted laser desorption/ionization
(MALDI)-MS methodology has been utilized enabling hundreds of neuropeptides to be
characterized from brain and other organs of adult American lobster, mainly due to the fast
speed, high sensitivity, and other capabilities of MS technology.>29

A common approach for relative quantitation is through mass-difference based labeling to
measure relative peak areas of MS spectra.>30-33 This approach detects peptide levels in two
different samples by labeling the peptides with either light or heavy stable isotopes, mixing
them equally, and analysis by MS. Nevertheless, this classically binary (2-plex) set of
reagents suffers from the limitations of quantitation of only 2-3 samples at a time and the
increase of complexity of the spectra, although several recent instrument developments have
made multiplexing more accessible.34-37 With the advent of isobaric tags for relative and
absolute quantitation (iTRAQ) and tandem mass tag (TMT) reagents, the comparisons of
more than 2-3 samples could be done simultaneously at the MS/MS level.3537 In this
method, relative quantitation can be performed by comparing the intensities of reporter ions
produced by collision-induced dissociation (CID), although this means quantitation can only
be done on molecules selected for MS/MS. Our group has developed a custom isobaric tag
set entitled N/, N-dimethyl leucine (DiLeu), which allows for the comparison of up to 12
samples.34:38 This labeling approach produces low mass immonium aj ions (/772 115-118)
at the MS/MS level and has proven to be comparable with iTRAQ for quantitation but with
much lower experimental cost.3438

Herein, we utilized 4-plex DiLeu as isobaric tags to optimize sample handling and reaction
conditions for neuropeptidomic studies. The optimized methods (Scheme 1) were applied to
four different developmental stages of the American lobster brains to compare the
neuropeptide contents and abundances in brain tissues using electrospray ionization-
quadrupole time-of-flight (ESI-QTOF) MS. This manuscript represents the first application
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of DiLeu reagents for large-scale crustacean neuro-peptide expression analysis, offering an
alternative strategy for multiplexed quantitative peptidomics.

RESULTS AND DISCUSSION

DiLeu Labeling as a Quantitative Methodology

The basic principles and synthesis of the DiLeu isobaric tagging reagent have been
introduced elsewhere.3438 Briefly, each tag contains a reporter, a balance, and amine
reactive group. The final group is a triazine ester, which targets the N-terminus and exposed
lysine groups of peptides (Supporting Information Scheme 1). Successful labeling results in
a mass shift of 145.1 Da per amine group, which is the addition of the balance and reporter
groups. As shown in Figure 1a and b, almost complete labeling with a DiLeu tag is observed
for a standard peptide (/m/21060.57 RPPGFSPFR). When four differentially labeled samples
are combined and subjected to ESI-QTOF MS/MS analysis, distinctive fragmentation
patterns can be easily obtained, including intense a; ions (/m/z115.1, 116.1, 117.1, and
118.1) serving as quantitative reporters for the four distinct samples. The relative heights of
these peaks correspond with the proportions of the labeled peptides in each sample, allowing
relative quantitation between those four samples (Figure 1c and d).

Standard samples were tested to establish the robustness and reproducibility of DiLeu
quantitation on neuropeptides for this study. Figure 2a shows the reporter ions for labeling
four aliquots of a neuropeptide standard SGKWSNLRGAWamide (/m/z1260.66) that were
mixed in equal amounts. Quantitative 1:1:1:1 confirms the reliability of DiLeu for
neuropeptide study. A 10:5:2:1 mixing ratio was also investigated, proving that DiLeu is
capable of accurate quantitation of neuropeptides of a wide dynamic range (Figure 2b).

General Workflow

The isobaric labeling workflow to analyze the protein/peptides in plasma and cells are well
documented.35:37:39.40 However, to our knowledge, there is no literature detailing the
isobaric labeling steps for neuropeptides. This is likely due to the fact that the detection of
neuropeptides, which are inherently present in low abundance, is often masked by other
highly concentrated molecules, including salts, lipids, and proteins, in complex tissue
samples.*L It should be noted that a similarly structured tag, isotopic DiLeu (iDiLeu), has
been used to label neuropeptides, although only clean, standard solutions were used.*2 Here,
in order to analyze developmental changes, a simple and reliable workflow was developed to
analyze neuropeptides using DiLeu isobaric tagging strategies (Scheme 1). Briefly, animals
of four developmental stages were dissected and the brains were pooled respectively for
tissue extraction. The homogenate was centrifuged, and the supernatant for each stage was
dried down. After reconstitution in aqueous 0.1% formic acid, a desalting step was needed
before labeling reaction to allow efficient and reproducible coupling to the labeling reagents.
The labeled samples were then combined and ready for LC separation and MS analysis.

As mentioned before, sample cleanup is necessary before labeling to improve the reaction
efficiency. In order to improve this aspect of our study, we optimized the desalting process
of C18 ZipTips from the manufacturer’s protocol and compared it to a magnetic beads clean
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up method. First, the dried down samples were reconstituted in maximum tip volume (10
4L) to reduce the chance of a possible blockage. Second, the reconstitution was followed by
a short, high speed centrifugation to remove any lipids left which could also block the
Ziptip. Finally, the volume of the elution step was increased 100 L instead of ~3 /L to
ensure maximum peptide elution and recovery. Overall, the optimized Ziptip method out-
performed the magnetic beads (Figure 3a—d) and improved the reproducibility (Figure 5). In
a recent paper, Ziptips and magnetic beads were also compared for human serum peptide
profiling, and it was determined that Ziptips were a better desalting method in spectral
quality, reproducibility, and time consumption.*3

In label-free and isotopic labeling of neuropeptides, acidified methanol and other acidified
organic solvents have been widely used in extracting neuropeptides.#? Nonetheless, caution
needs to be given while using this solvent with DiLeu since the labeling reaction that follows
extraction requires basic conditions.38 Previously dimethylformamide (DMF) has been
utilized to extract neuropeptides before DiLeu labeling due to their compatibility.34:38:44 For
this study, the extraction capability of acidified methanol (Figure 3a, b) and DMF (Figure
3c, d) was compared, and it was determined that DMF was better based on the number and
intensity of the neuropeptide peaks, especially in conjunction with the optimized Ziptip
desalting method.

To confirm our results, DiLeu tags were employed to label brain extracts obtained from the
above extraction and purification methods to directly compare all the possible combinations.
The labels corresponding to each of the conditions are shown in Figure 3e. Interestingly, the
mlz117.1 peak is higher than m/2116.1 (Figure 3f), even though the spectral features
(Figure 3c) corresponding to m/z117.1 was lower. This further confirmed the compatibility
of labeling with DMF over acidified methanol as an extraction solvent. Overall, m/2118.1,
corresponding to DMF extraction with Ziptip desalting, which was the preferred method
individually, showed the highest intensity. The final workflow for DiLeu analysis of
neuropeptide is shown in Scheme 1.

DiLeu Labeling of Multiple Developmental Stages of Lobster Brain for Relative
Quantitation of Neuropeptides

It is known that neuropeptides are acquired sequentially in the STG of the lobster, with some
neuropeptides not appearing until larval stages.20 It would be interesting to explore whether
similar trends occur in the brain. To assess neuropeptide expression during development,
animals of embryo, larvae, juvenile, and adult stages were utilized.

Tandem MS spectra of labeled peptide /m/z1084. 63 + 290.2 (HI/LASLYKPR) and FMRF
peptide m/z1337.69 + 145.1 (FSHDRNFLRFamide) are highlighted in Figure 4. Previously,
DiLeu labeling was shown to improve MS/MS fragmentation in de novo sequencing,
allowing us to obtain highly confident identifications even with low resolution
instrumentation.38 In de novo sequencing of /7/z1084.63, we noticed there was a fragment
mass matching lysine, suggesting two labels, 145.1*2, were added to the original peptide.
Due to the isobaric masses of leucine and isoleucine, the exact amino acid for the second
residue has not yet been confirmed. For peptide m/z1337.69, it was determined to belong to
the FMRFamide family. One common feature of this family is that there is an almost
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complete y ion series observed. This may be because of the presence of highly basic arginine
residue at the C-terminus, which would suppress the formation of b ions. With the aid of
DiLeu tags, reliable fragmentation patterns were obtained and used for high confidence
neuropeptide identifications. Overall, there were 18 neuropeptides from 6 different families
identified and quantified (Supporting Information Table 1). Low level of incomplete labeling
was observed for SIFamide peptide VYRKPPFNGSI-Famide (/m/z1423.78) and HI/
LASLYKPR (m/z1084.62) in which lysine residue competed with N terminal residue for
labeling. The overall labeling efficiency was ~90% and only fully labeled peptide sequences
were used for quantitation.

As representative data, Figure 5a and c illustrate the reporter ions of labeled FMRFamide
peptide GDRNFLRFamide (/m/z1023.55) and tachykinin peptide APSGFLGM(O)Ramide
(mlz950.49), showing the significant abundance differences among multiple stages as well
as distinctive patterns among the selected peptides. Reversed labeling experiments have also
been performed in order to eliminate any bias generated by labeling procedure (Figure 5b
and d). Considering the huge differences in tissue size among multiple developmental stages
and possibly wide dynamic range in neuropeptide abundance, it should be noted that we use
more animals in early stages for comparative analyses. The total neuropeptide abundances
from pooled animals have been converted to neuropeptide abundance in each individual
animal, and the ratio of peak intensity between animal of each stage to adult stage is shown
in Figure 6 and detailed in Supporting Information Table 1.

Several trends have been identified including: (1) Neuro-peptides are gradually acquired in
the maturation process. All neuropeptides exhibit higher abundances as the lobster matures
to later stages and the differences between developmental stages are significant (p value <
0.01, Figure 6 and Supporting Information Table 1). This is consistent with the continuous
addition of receptors into the antennules!! and the increase in the number of neurons from
previous immuno staining experiments.;134% (2) The abundances for different neuro-peptide
families are distinct, with individual familial isoforms sharing similarities. This might
suggest that the peptides in one family were expressed and processed simultaneously from
the neuropeptide gene, and their release and actions also occur concurrently in the
development and maturation of a neural network. However, two exceptions are noted,
including tachykinin APSGFLGMRG (/m/2992.5) and RFamide QDL-DHVFLRFamide
(mlz1288.68). These two neuropeptides show higher abundances in embryonic and larvae 2
stages as compared to other neuropeptide family isoforms, although these differences are
less obvious in juvenile stage. In general, neuropeptides originate from large, inactive
preprohormones which undergo a series of enzymatic processing steps and proteolytic
cleavages and madifications, with the last step being amidation at the C-terminus of glycine-
ended sequences. If the glycine-ended form is converted to the amidated form as the
development proceeds, that may contribute to the sharp increase in 77/2934.49 in later
stages, which is the amidation product of m/2992.5. Unfortunately, we were unable to
quantify m/z1271.68 due to detection limit of the instrument. (3) Different neuropeptide
families exhibit distinct differences in abundances as a function of development. For
example, tachykinin peptides exhibit about 1000-fold differences in abundance when
transitioning from the embryonic stage to adult stage. Other peptides such as /77/21084.63
display only about 100 times difference in relative abundance, even though the size
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difference of the lobster between these two stages is about 500 times. This might be due to
the different roles of distinct neuropeptide families.

Validation of DiLeu Labeling and MS Peptidomics Data Using Previous Literature

To better understand the relationship of neuropeptide amount with the brain, we further
calculated the peptide concentration by considering the size of the brain. Notably, the
neuropeptides are not evenly distributed in the brain.4”-48 The conversion here is just an
approximation to facilitate neurobiologists’ understanding of relationship of total
neuropeptide abundance as a function of lobster developmental stage. The calculated results
for four selected peptides are illustrated in Figure 7. It was noted that the neuropeptide
concentrations of these four representative neuropeptides were consistently highest in the
juvenile seventh stage. Previous studies that measured the area of olfactory lobe (OL) and
accessory lobe (AL) indicated that, in early juvenile stage, the volume of olfactory OL and
AL took up the largest portion of the brain (Supporting Information Figure S1).11 By
comparing the trend observed in our study, which describes the concentration change of
neuropeptides, to the one measuring the volume of chemosensory processing areas (OL and
AL), we observed very similar pattern. This suggested that the OL and AL regions may
contain neurons involved in the synthesis and release of neuropeptides. It has been known
that increase in number and diameter of the neural processes account for the growth of OL
and AL, and an increase in the bulk of cortical glial tissue might contribute to the increase in
bulk of the brain.1 Therefore, at around seventh juvenile stages, more new sensory axons
are projected into glomeruli, which may suggest that this period is a fast growing or function
acquiring period. More in-depth investigation is needed to further explore this speculation.

Neuropeptide Trends over Development and Function

The trend for m/z934.49 is shown in blue trace (Figure 7). Tachykinin related peptides
(TRPs) are a family of neuropeptides which usually exist at high amounts in the adult
lobster. The neuromodulation of tackykinin in the CNS may depend on the specific circuit
and transmitters with tachykinin colocalized with TRPs.#%:50 They are also involved in the
modulation of photoreceptor sensitivity, olfactory sensory processing, and higher motor
control.51:52 Qur study shows that expression of this family is in very low concentration in
the embryonic stage, but increases dramatically during the maturation process to the adult
stage (Figure 6). Similarly, in a study of TRPs expression in different developmental stages
of fruit fly Drosophila, the number of TRP-expressing neuronal cell bodies in the brain and
ventral nerve cord increases during larval development and significantly increases after later
pupal development to adult.# In two other reports comparing the amplitude of
neuropeptides in the STNS, the abundance of neuropeptides in this family showed
significant increase from Larvae 1 to Juvenile 7 stages, which is consistent with our
observation that tackykinin family was acquired quickly in the brain after the embryonic
hatch.23:53 Further physiological experiments are needed to establish the precise role of this
peptide family in development.

Vall-SIFamide also exhibits significant differential expression between early and later
developmental stages. In contrast to tachykinin, the peak abundance of Vall-SIFamide of
juvenile stage is close to that of an adult (Figure 6), indicating that this neuropeptide level

ACS Chem Neurosci. Author manuscript; available in PMC 2018 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jiang et al.

Page 8

changes dramatically between larvae and juvenile stage. This peptide has been identified in
the STNS and the CNS of the American lobster with high abundance previously.27:2954 |n
the STNS, the amplitude of this neuro-peptide family exhibits relatively stable expression
levels throughout developmental stages, which differentiates the expression in the brain. It
can activate several components of the pyloric motor pattern and the peptide exerts neuro-
modulatory function on the STG via local release instead of hormonal regulation.>* The
highly conserved sequences among several crustacean species and high abundance of this
peptide suggest important function of this peptide.3 Previous studies have shown that
SIFamide neuropeptides are involved in modulating sexual behavior, aggression, as well as
visual, tactile, and olfactory stimuli.>> Mass spectral imaging data revealed that tachykinin
and SIFamide were expressed in the OL and AL areas,10 which further confirms that the
synthesis and release of neuropeptides might be related to OL and AL.

FMRFamide, orcokinin, and orcokinin related peptides are three large peptide families in the
lobster brain. They can also be detected in many other organs of the American lobster.48
These three families display similar patterns in Figure 6, and the representative trend of
orcokinin at /m/z1502.69 is shown in green trace in Figure 7. Previous reports indicated that
FMRFamide and orcokinins appeared in the STNS as early as midembryonic stage (E50).
856 A majority of the neuropeptides reported here can be found in the predicted
preprohormones from a gene.2%7 In our study, we observed that neuropeptides in these
three families share similar intensity patterns, and there was about a 250 times increase in
the amount from embryonic to adult stage (Figure 6). The similar trends of individual
isoforms within the same family might indicate that peptides are expressed and processed
concurrently. The concentration calculation (described above) revealed a slight decrease
from embryonic stage to larval second stage. This decrease might be caused by the
morphological change in the brain, as we noticed that the expression of neuropeptides of
these three families was concentrated on regions other than OL and AL (*8 and unpublished
data). However, consistent with other neuro-modulators, these peptides still exhibited the
highest abundance in juvenile seventh stage (Figure 7).

The peptide at /m/21084.63 is highly abundant in early stages but shows a remarkably lower
abundance compared to other neuropeptides at later developmental stages (Figure 4). In this
quantitative study (Figure 6), the intensity of this peptide in the juvenile stage is very similar
to that of the adult, suggesting an early acquisition of this peptide during development. In
Figure 7, this peptide exhibits its highest concentration in juvenile seventh stage. To our
knowledge, there is no physiological study on this peptide yet, and it would be interesting to
determine its potential relationship with development.

CONCLUSIONS

In summary, we demonstrated successful application of the recently developed Dileu
labeling tags to a neuropeptide quantitation study. The DiLeu labeling technique was
optimized for neuropeptide detection in brain tissue, which lays the foundation for future
application of this quantitative methodology for other tissues and other -omics studies.
Relative quantitation of neuropeptides across multiple developmental stages was
investigated to quantify 18 neuropeptides, showing that isoforms from the same family
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displayed similar trends of increase as lobster matures. A majority of neuropeptides
displayed the highest concentration in juvenile seventh stage, suggesting potential important
morphological and functional developments at this stage. Overall, our study systematically
made use of the custom 4-plex DiLeu isobaric labeling technique for MS quantitation to
study the neuropeptide changes during development, which will enable better
characterization of the roles of neuropeptides play in maturation process.

Animals and Dissection

Early stage lobsters were obtained from New England Aquarium (Boston, MA), and adult
lobsters were ordered from Maine Lobster Direct Web site (https://www.mainelobsterdirect.
com/). Ages of the lobster were estimated using an eye index scale for embryos®8 or
carapace length in the lobster growth chart for hatched animals. Embryos used in this study
were in a stage of 85%-100% embryonic development (E85-E100). The dissection of
lobsters was described previously.8:2359 Four developmental stages were investigated,
including adult, juvenile seventh, larvae second, and embryo.

Brain Size Measurement

In order to calculate the concentrations of neuropeptides across the whole brain, the sizes of
brains of different developmental stages were measured under a microscope. The brains
were assumed as cuboid for easy measurement and calculation for volume. Five animals of
each stage were measured, and no significant differences were observed among individuals.
The averaged values were compared with the previous studies on lobster brain volume as a
function of developmental stage!! and the differences observed were less than 10%.
Therefore, we used the averaged values from our measurements as brain sizes, which were
0.035 mm3 for the brain of embryo, 0.11 mm3 for larvae second stage, 0.85 mms3 for
juvenile seventh stage, and 20 mms3 for adult.

Tissue Extraction

Lobster brains were dissected out from animals in chilled saline and then transferred to 20
L of cold DMF. Brains at each stage (1 brain for adult, 4 for juvenile seventh, 90 for larvae
second, and 90 for embryo in each replicate) were pooled after dissection and homogenized
using 60 gL of DMF in a 0.1 mL tissue grinder (Wheaton Inc., Millville, NJ). The
homogenate was transferred to 0.6 mL microtube and centrifuged at 16,1009 for 10 min in
an Eppendorf 5415 D microcentrifuge (Brinkmann Instruments Inc., Westbury, NY). The
resulting supernatant was saved, and the pellet was re-extracted twice using the same
method. Supernatants from three extractions were combined and then dried down in a Savant
SC 110 SpeedVac concentrator (Thermo Electron Corporation, West Palm Beach, FL).
Subsequently, the brain extract was resuspended in 10 gL of aqueous 0.1% formic acid (v/v)
and then desalted by ZipTipC18 Pipette Tip (Millipore Corporation, Billerica, MA) or
magnetic Dynabeads (Invitrogen, Carlsbad, CA). Tissue extractions and desalting were
performed for three different replicates. In order to reduce errors generated by extraction, in
the next two replicates experiment, we used different number of animals to compensate for
differences in brain size at various developmental stages. We used 0.5 brain for adult, 2 for
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juvenile seventh, 45 for larvae second, and 45 for embryo extracts for pooling. The ratio of
animals throughout development was kept the same for easy comparison.

Labeling of Peptide Standards and Neuropeptide Extracts

Four DiLeu labels were activated into their triazine ester form. Half a milligram of DiLeu in
25 (L of DMF was combined with 0.93 mg of DMTMM and 0.37 xL. NMM. Mixing was
performed at room temperature for 1 h and used immediately. The general labeling strategy
is shown in Supporting Information Scheme 1. The standards or real samples were then
labeled with 10 4L of one of the four DiLeu mass tags with the presence of 5 L ethanol.
Samples were then labeled at room temperature for 1.5 h and then quenched for 30 min by
adding 100 s of water. Quenched solutions were dried under Speedvac. Finally, the sample
was resuspended in 20 gL of aqueous 0.1% formic acid (v/v).

MALDI-Fourier Transform-lon Cyclotron Resonance (FT-ICR) MS

Varian/lonSpec FTMS (Lake Forest, CA) was equipped with a 7.0 T actively shielded
superconducting magnet. The FTMS instrument consisted of an external high-pressure
MALDI source. A 355 nm Nd:YAG laser (Laser Science, Franklin, MA) was used to create
ions followed by accumulation in the external hexapole storage trap before being transferred
through a quadrupole ion guide to the ICR cell. All data were collected in positive ion mode.
The ions were excited prior to detection with a radio frequency sweep beginning at 7050 ms
with a width of 4 ms and amplitude of 150 V base to peak. Detection was performed in
broadband mode from /2 108.00 to 2500.00.

Reversed Phase NanoLC-ESI-MS/MS

Labeled samples were combined and then analyzed using Waters nanoAcquity UPLC
system online coupled to Waters Micromass QTOF mass spectrometer (Waters Corp.,
Milford, MA). An aliquot of 6 £ of solution was injected and trapped onto a C18 trap
column (Zorbax 300SB-C18 Nano trapping column, Agilent Technologies, Santa Clara, CA)
for 10 min, and eluted onto a homemade C18 column (75 zm x 150 mm, 3 zm, 100 A) using
a linear gradient (0.3 z/min) from 5% buffer B [0.1% formic acid in acetonitrile (Fisher
Scientific, Pittsburgh, PA)] to 50% buffer B over 60 min. Buffer A was 0.1% formic acid.
The nanoflow ESI source conditions were set as follows: capillary voltage 3200 V, sample
cone voltage 35 V, extraction cone voltage 15 V, source temperature 120 °C, and cone gas
(N2) 10 I/h. MS survey scan range was from /2 400-1800, and the MS/MS scan was from
mil z50-1800.

Data Analysis and Quantitation

The MS/MS de novo sequencing was performed by manual sequencing and automatic
sequencing by Waters Masslynx peptide sequencing software (PepSeq) (Waters Corp.,
Milford, MA). DiLeu labeled neuropeptides were then identified with PepSeq A+terminal
labeling, lysine labeling, C-terminal amidation, and methionine oxidation selected for
modifications. The precursor error tolerance was set to be <100 ppm. Identified, labeled
peptide spectra were quantified by comparing the intensities of the MS/MS reporter ions
115.1, 116.1, 117.1, and 118.1. Quantitative values were calculated by dividing each reporter
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ion peak height by the number of animals used for each stage followed by normalization to
the abundance of adult brain. The experiments were performed in three biological replicates,
and the mean and standard deviation were reported. One way ANOVA was used to
determine the difference among four developmental stages. For concentration comparisons,
the quantitative values obtained above were further divided by the sizes of brain of each
stage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
STNS stomatogastric nervous system
CNS central nervous system
CoG commissural ganglia
STG stomatogastric ganglion
MS mass spectrometry
MALDI matrix-assisted laser desorption/ionization
LC liquid chromatography
TMT tandem mass tags
iTRAQ isobaric tag for relative and absolute quantitation
CID collision-induced dissociation
DiLeu N, N-dimethy! leucine

MSMS tandem MS
ESI electrospray ionization
QTOF quadrupole time-of-flight

DMF dimethylformamide
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Spectral illustrations of the application of DiLeu isobaric tandem mass tags for quantitation.
(a) Neuropeptide standard (/772 1060.57 RPPGFSPFR) and degraded product (/772 904.48)
detected by MALDI-FTMS. (b) After DiLeu labeling, a mass shift of 145.1 Da is produced
for each peak. (c) The labeled peak /m/z1205.67 could be selected for tandem MS on ESI-
QTOF to generate sequence information. (d) The reporter ions ranging from 115.1 to 118.1
Da could represent the abundance of the peptides labeled.
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Figure 2.

Validation of DiLeu labels for neuropeptidomic studies. Quantitation of reporter ions for (a)
peptide standard SGKWSNLRGAWamide (/m/z1260.66) prepared at ratio 1:1:1:1 followed
by DiLeu labeling and subjected to tandem MS fragmentation and (b) peptide standard

RPKPQQFFGLMamide (m/z1347.74) prepared at ratio 10:5:2:1 followed by DiLeu

labeling and subjected to tandem MS.
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Figure 3.
Comparison of two neuropeptide extraction methods followed by the two purification

methods by MALDI-FTMS as well as by DiLeu. Four lobster brains of similar sizes are
processed in the order of solvent extraction (acidified methanol or DMF) and desalting
(Beads or Ziptip). Profiling of neuropeptides extracted by (a-b) acidified methanol and (c-d)
DMF. The desalting methods are magnetic beads for (a) and (c) and Ziptip for (b) and (d),
respectively. The above four spectra have been adjusted to the same intensity scale. (e) The
cleaned samples were labeled by DilLeu as shown. (f) Quantitation of reporter ions for one
peptide VYGPRDIANLY (m/21280.66) comparing the above four methods in combination.
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CID spectra of labeled neuropeptides from the brain of the lobster H. americanus by ESI-
QTOF. (a) Peptide HI/LASLYKPR (m/z1084.63 + 290.2) and (c) FMRFamide peptide
FSDHRNFLRFamide (/m/z1337.69 + 145.1). All precursor ions are singly charged. Insets
(b) and (d) show zoom-in regions highlighting the reporter ion regions that allow
guantitation using signature ions representing neuropeptide abundances in four stages, with
m/Z115 labeled for adult brain; /m/z 116 for 4 juvenile seventh brains; m/z117 for 90 larvae
second brains; and /2118 for 90 embryonic brains.
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Figure5.
Quantitation of reporter ions for peptide (a, b) GDRNFLRFamide (/7/21023.55) and (c, d)

APSGFLGM(O)Ramide (/2 950.49). Signature ions represent neuropeptide abundances in
brains. In panels (a) and (c): m/z115 for 1 adult brain; //z 116 for 4 juvenile 7th brains; m/z
117 for 90 larvae 2nd brains; m/z 118 for 90 embryonic brains. Panels (b) and (d) are
reversed labeling of panels (a) and (c), respectively. In panels (b) and (d): /2115 for 45
embryonic brains; m/z 116 for 45 larvae second brains; m/z117 for 2 juvenile seventh
brains; m/z118 for 0.5 adult brain.
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Figure®6.
Neuropeptide quantitation using DiLeu labeling. The X-axis represents different

neuropeptides (bottom bar) belonging to six families (top bar) listed by masses. The Y-axis
illustrates the ratio of peptide amount of each stage divided by peptide amount of adult
stage.
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Trends of neuropeptide concentration changes of four individual peptides from different
families. The X-axis illustrates multiple developmental stages. The Y-axis illustrates the
ratio of peptide concentration of each stage divided by peptide concentration of adult stage.
It is evident that, in juvenile seventh stage, neuropeptide concentrations are the highest.
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Scheme 1.

General Workflow Indicating the Major Steps Involved in Sample Preparation, Sample
Processing, and Mass Spectrometric Analysis of the Lobster Brain Samples
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