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FROM CRABS TO HAMSTERS: BIOANALYTICAL MASS SPECTROMETRY

FOR PEPTIDOMIC ANALYSIS AND BIOMARKER DISCOVERY
By Joshua John Schmidt
Under the supervision of Professor Lingjun Li
At the University of Wisconsin-Madison
Abstract

While sometimes overlooked, peptidomics and peptide diversity is one of
the most important areas of research today. This is because of the vital role that
naturally created peptides play in cellular and systemic communication. Peptides
have been shown to control and regulate many physiological processes,
including feeding, sleep, development, and even cell death. Currently there is a
lack of knowledge as to the peptide content of different but related species, as
well as peptide distribution throughout nervous system within the same species.
Additionally, due to integrative activity of bioactive peptides in physiological
processes, there is also great potential for their use as biomarkers to indicate
disease infection or progression. To begin filling in these gaps in knowledge,

. mass spectrometric (MS) methods have been developed for both peptidomic
analysis and biomarker identification. Specifically, matrix-assisted laser
desorption/ ionization (MALDI) Fourier transform mass spectrometry has been
used for a majority of this work due to its sensitivity, high mass measurement
accuracy, and high resolution. A MALDI time-of-flight/time-of-flight instrument
was also used for tissue-specific peptidomic profiling due to its sensitivity and

high throughput nature. Furthermore, as the application of these methods
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produced a large set of data, bioinformatics methods were developed and used

to process and analyze the results of MS analysis. The combination of mass
spectrometry with bioinformatics has enabled rapid comparison of peptidomes of
five brachyuran crabs and the determination of peptide distribution among the
model nervous system and neurohemal organs of the crustacean C. borealis.
Furthermore, this approach also allowed the discovery of a panel of classifying
features (biomarkers) from prion infected hamsters useful in identifying infected
animals. Overall, this research has developed improved methodologies and
tools for peptidomic analysis and demonstrated their utility in neurochemical

signaling and biomarker discovery in biological fluids.



Chapter One

A Mass Spectrometry-based Peptidomics Approach»for the Discovery of

Bioactive Peptides and Disease Biomarkers




1.1 Introduction

In the last 20 years or so, there have been many -omics fields of science
that have developed. From genomics, to proteomics, now to even
conformatiomics, there are a wide range of studies, all with the purpose of
comprehensive analysis of the complement of a specific molecular aspect (e.g.,
genes, proteins, etc.) within an organism. In comparison to genomics and
proteomics, peptidomics has been largely overlooked, with a great need to
develop specific and effective analytical methodologies. Peptidomics aims at a
simultaneous visualization and identification of the entire complement of peptides
in a cell or tissue, including their post-translational modifications (PTMs). There
are currently many methods for the analysis of polypeptides, but these have
been primarily directed at the examination of whole proteins and peptides that
result from the proteolytic cleavage of proteiﬁs. While many of these methods
can be attempted in the study of naturally occurring peptides, they often fall short
as they are not designed to deal with the many PTMs that occur in most bioactive
peptides. As a result, a large portion of the peptidome has been unnoticed and
disregarded.

Unfortunately, it is this ignored peptidome’that could be considered to hold
the most promise as potential drug targets and/or disease indicative biomarkers.
As our knowledge about the intracellular function and intercellular communication
grew, it became apparent that peptides are much more involved throughout the

workings of an organism than were originally thought. Since this realization,

peptides have been found in all complexities of organisms, from unicellular
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organisms all the way up to mammals. Furthermore, they have also been found

to be integrally involved in all bodily functions, from feeding’ to blood pressure
regulation*® and development’™® to apoptosis.'®'? It is this importance in
systemic functions that require more research to be performed to elucidate and
characterize the structures and functions of these bioactive peptides. With the
proteomics tools that are already well established, it would seem that this would
be a relatively easy proposition, but the differences between a peptide produced
strictly through proteolytic cleavage and a naturally derived peptide are great
enough that many of the classical proteomic methods simply do not work.

Naturally created peptides differ from cleavage products in that they often
contain PTMs such as C-terminal amidation or N-terminal acetylation.'®'* These
modifications on bioactive peptides give rise to one of the challenges that bar the
use of traditional proteomics methods. Because the genomic origin of PTMs is
still largely a mystery, we can rarely use genetic data to predict the bioactive
peptides present. Furthermore, a great deal of peptidomic research is performed
on organisms with a lack of genomic information and making any genetic
comparison impossible. Without genetic information assisting researchers, they
are left to de novo sequence peptides and elucidate PTMs, all while lacking an
extensive set of methodologies specific for bioactive peptide research.

Because bioactive peptides are vital to many cellular functions and signals
they hold a great deal of promise for potential new drug targets' and/or disease

indicative biomarkers.'® ' For this reason, the aim of peptidomic research

should be at the development of sample preparation, analysis, and




characterization methods that succeed in overcoming the challenges that

t."® Currently, while many proteomic methods exist,

bioactive peptides presen
there are limitations when applying them to peptidomics. If peptidomics is to play
a more significant role in drug discovery énd biomarker identification, an increase
in the repertoire of peptidomic methods needs to be observed in the scientific

community.

1.2 Proteomics Methods and their Limitations for Peptidomics Research

If one performs a literature search on the term “peptidomics,” it is very
evident that this term was not even used until after the turn of the century. In
fact, even “proteomics” was not in use until after 1996. Although this does not
seem a great difference in time since these two closely related areas of research
began, proteomics has naturally been many technological steps ahead of
peptidomics. While elucidating the genomes of many species was monumental,
it was quickly realized that genetic information provided the blueprint but is a far
cry from the finished product, proteins. It was at this point that proteomics came
on the scene in order to begin describing the cellular machinery in whole, along
with all its post-translational modifications. This Interest in characterizing protein
content led to the development of numerous methods directed towards amino
acid sequencing and identifying the PTMs as well as the extended structure of
such proteins. To perform this research, investigators began using Edman
degradation as the main sequencing method but soon realized the shortcomings

of this method (the large amount of pure material necessary and the extended




time required). Fortunately, several other methods existed that were readily
adapted to proteomics and continue to be the main methods for this research.
These methods include gel electrophoresis, HPLC, tryptic digestion, as well as
several mass spectrometry methods. Additionally, two schemes of proteomics
research, bottom up'® and top down proteomics,?® came about.

One of the first methods for proteomic research was gel electrophoresis
which was adapted from genetic research. In order to deal with the extreme
chemical complexity encountered in proteomics research, two dimensional gel
electrophoresis was developed.?! This method separates proteins based on two
properties (such as isoelectric point and size), providing more information about
the protein and higher resolving power than one dimensional electrophoresis.
Since its inception, this method has been one of the most widely used
proteomics tool as it provides data about two properties of the proteins at the
same time. . Furthermore, by performing 2D gel electrophoresis on a mixed
sample (a cell lysate for example), a map of the proteins contained in that type of
cell could be produced and used in the future to identify proteins in similar
samples. Unfortunately, while this method has been incredibly useful to
proteomic research, it is not suitable for peptidomic research. The reason for this
is that peptides are much too small for SDS-PAGE and tend to run off the gel so
fast that they are not even observed. It is possible to greatly increase the

acrylamide concentration in a gel, but because no protocols have been

established for peptide separation on a polyacrylamide gel substrate and peptide
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movement is much more difficult to control on a gel, it is not a practical method

to employ for peptidomics.

In addition to 2D gel electrophoresis, recent mass spectrometry
technologies coevolved with proteomics and thus many of the novel MS methods
of that time were aimed at solving the proteomic challenges confounding
researchers at the time. Along with mass spectrometry came the schemes of
research termed “bottom up” and “top down” proteomics. The difference
between these schemes is whether the proteins are proteolytically digested (to
produce peptides) prior to MS analysis or whether they are analyzed intact.
Interestingly, although these schemes produce different types of samples, both
have made extensive use of mass spectrometry and its various methods of
ionization, mass analysis, and detection. For bottom up proteomics, matrix
assisted laser desorption/ionization (MALDI) — based MS methods are used to
perform fingerprinting analysis of relatively simple protein digests while liquid
chromatography (LC) coupled to electrospray ionization (ESI) — based MS
methods are used to analyze highly complex samples, such as digested cell
lysates.?? Top down proteomics on the other hand, demands slightly different
methods but has also made extensive use of both MALDI and LC-ESI

‘technologies for its analysis of intact proteins.?® A wide range of mass analyzers
including time-of-flight, Fourier transform ion cyclotron resonance, ion trap, and
quadrupole have been used for both proteomics schemes. Furthermore, when

linked to an LC system, both top down and bottom up proteomics benefits greatly

from separation and then MS analysis. Whether to separate and analyze a
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whole cell lysate or a tryptic digest, LC-MS has become the quintessential tool

for proteomics research today, both bottom up and top down.?*?

Though some of the methods developed for proteomics can be useful,
they do not perform well enough to produce the results necessary for knowledge
about bioactive peptides to reach its full potential. For example, one of the most
popular 2D separation methods for tryptic peptides is SCX-RP, but will not work
for bioactive peptides due to common PTMs such as C-terminal amidation or N-
terminal acetylation. Additionally, because of the fact that naturally occurring
peptides do not all contain a lysine or arginine C-terminal residue as tryptic
peptides do, ionization and fragmentation efficiencies are far less, thus making
MS analysis much more difficult. This difference in C-terminal residues also
creates problems when searching databases as most of them are currently set to
search for tryptic peptides (with their known lysine or arginine C-termini) or a
defined C-terminus due to a specific cleavage enzyme instead of naturally
produced peptides (with their varying C-termini). To counter this, novel methods

will need to be developed with the aim of enabling researchers to detect and

characterize bioactive peptides with all of their many unique features.

1.3 Current Bioactive Peptidomic Methodology
Sample Cleanup
Generally, a peptide is considered a polymer from two to twenty or so

amino acids (AAs) long but can be as long as 50 or more AAs. As stated above,

peptides are commonly produced and analyzed in the course of proteomics
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research, these peptides are artificially created by enzymatic digestion and thus

differ from the natural peptides that are produced in vivo through cellular
processes. Because proteolytic cleavage of proteins requires a fairly controlled
environment, the samples produced by proteolytic digestion are relatively clean
and easy to separate by HPLC and/or analyze by MS. This is not the case with
bioactive peptides which are produced or secreted in vivo in a dynamic and
tissue/cell specific fashion. This in turn, creates samples that are incredibly
complex and require extensive preparation prior to being analyzed. Some of the
issues that must be dealt with when attempting to analyze bioactive peptides are
‘the pH, the presence of salts (especially when performing research on marine
organisms), and the interference from high abundance cellular proteins.
Additionally, when preparing a sample, researchers must also account for
naturally occurring proteolytic enzymes in tissue which, if left unchecked, will
begin cleaving proteins into peptides and making the sample even more
complicated. All of these factors require unique methods for the preparation of
samples for native peptide analysis. Occasionally, it is possible to avoid these
challenges and analyze peptide content directly from tissues of interest, but
these analyses often will not reflect the complete’ peptidome and the sample
must be investigated more thoroughly.

One way to circumvent many sample preparation challenges is to extract
the peptides directly, thus removing them from other cellular machinery.

Because the peptides must be extracted while everything else is left behind,

solvents must be used that solubilize peptides but not proteins and lipids. Thus,
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solvents such as methanol, ethanol, and acetone are used, often in combination

with water and/or some acid. One of the most common extraction solvents is
acidified methanol which is comprised of 90:9:1 methanol: glacial acetic acid:
water.2% Through a process of tissue grinding, centrifugation, and pellet re-
extraction, it is possible to extract a majority of the native peptides while leaving
behind the cellular junk. If performed carefully, the resulting extract is quite clear
and free of large proteins and most lipids. Occasionally in more lipid rich tissue,
these lipids can remain present but separated from the extract via hard
centrifugation. Another method requires boiling the tissue in acetone and then
centrifuging to remove excess cellular particles.®! Although several extraction
techniques have been developed to isolate native peptides, none of them are
perfect and many require modification to suit the needs of the research.

Once an extract has been made, it is often necessary to separate the
sample using HPLC in order to enable detection of peptides of lower abundance.
If the extract itself is MS analyzed, the resulting spectra frequently contain the
more prominent peptides from a sample. By HPLC separating the extract, it is
possible to enable the observation of less abundant peptides in the mass spectra
of individual fractions. As a result of this benefit,”’a majority of the peptides in a
sample can not only be analyzed, but characterized as well.

In some cases though, peptide extraction from a sample is very difficult,
as in the case of biological fluids such as blood or cerebral spinal fluid. Many

biological fluids do contain cells that can be lysed and extracted, but generally

the peptides of interest are contained in the fluid itself. Unfortunately, the
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dynamic range of proteins and peptides in bodily fluids creates many of the

difficulties in analysis of these samples.®® In these cases it may be difficult to
extract peptides and it is easier to remove the complicating features of such
samples. Obviously, it is relatively easy to adjust pH to the necessary level by
adding dilute HCI of NaOH as needed. Instead it is the salts in such samples
that can greatly complicate matters. HPLC can remove all the salts, but sample
sizes and highly abundant proteins vs. low peptide concentration can often
prohibit its use in some situations. In order to address the challenge of analyzing
low-abundance species in the presence of highly- abundant proteins in samples,
researchers have developed methods of immunodepletion whereby the most
abundant proteins are bound by antibody coated beads while the peptides
remain in the sample.3**° Although this method works well for removing a great
deal of the abundant proteins, peptides are also often removed due to the
abundant proteins, such as albumin, binding to peptides and acting as carrier
proteins.®* %" This issue of dynamic range remains to be addressed adequately
for bioactive peptide extraction.

Another method that has been developed as a way to remove salts and
enrich peptide samples is to pass the sample through a bed of affinity coated
beads (i.e. C8, C18, antibodies, etc) similar to those found in an HPLC column.**
3 By doing so peptides are bound to the beads, everything else (i.e. salts) is
washed away, and then the peptides are eluted off the beads. This has the

effect of both removing the salts from a sample as well as concentrating the

peptides if necessary. Currently, these procedures have been adapted to small
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columns and even pipette tips enabling smaller samples to be purified and

thus analyzed. Unfortunately, these methods still do not work reliably and often
sample loss requires repetition to obtain a large enough sample. A method of
complex biological sample cleanup remains to be created for adequate bioactive
peptide research.

As is obvious, there are several methods for sample cleanup that have
already been developed for peptidomic research, but most of these methods are
adapted from proteomics research and thus have many limitations. One
example of this is the widely used proteomics method of 2D LC, with one
dimension being strong-cation exchange separation and the other dimension a
reverse-phase separation.”‘ 4 While it can be applied to bioactive peptides, it
does not always provide valuable results due to PTMs such as C-terminal
amidation or N-terminal acetylation. Overall, methods for peptidomic sample
preparation need to be improved and made more amenable to the challenges
that bioactive peptides present, especially the small size of peptides and their

common PTMs.

Peptidomic Mass Spectrometry
After preparing a sample, whether by extraction, separation, or
enrichment, it must be analyzed in some way for the peptides it contains. Unlike

proteomics with many detection and characterization methods, peptidomics

analysis is currently carried out primarily by mass spectrometry.
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Besides providing accurate mass measurement and matching against

previously known peptides for peptide identification, another key feature of mass
spectrometry is the ability to fragment and detect those resulting product ions.
For peptidomics, some of the most useful fragmentation techniques are
collisionally induced dissociation (CID) and electron capture dissociation (ECD).
CID is useful as it breaks the peptide bond producing a b- and y- ion series that
makes peptide sequencing relatively easy. ECD on the other hand breaks the
bond between the amide and primary carbon thus producing c- ions and z
radicals.** While not as straightforward to sequence a peptide, they are equally
useful.*® #” If necessary, multiple fragmentation methods can be used in a
complementary fashion for sequencing.

One of the more prolific instruments currently used in peptidomics
research is a MALDI front end with a TOF mass analyzer. This instrument excels
in its ability to efficiently ionize molecules in the primary peptide mass range
followed by sensitive analysis of complex mixtures of peptides with relatively
good resolution and mass accuracy. Additionally, analyses using MALDI-TOF
can be performed rapidly thus cutting the data acquisition time down dramatically
and increasing throughput. This is important whén attempting to analyze a large
number of fractions from multiple samples. If time is not an issue and/or high
resolution and mass measurement accuracy are desired, a MALDI-FTICR
instrumeht can be used.

Another set of techniques that make use of MALDI technology are those

of direct tissue analysis, single cell MS, and MS imaging. Because MALDI only
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requires the application of a matrix to a sample, whether it is liquid or solid,

cells and tissue can easily be analyzed. Direct tissue methods allow for
peptidomic profiling of tissue and whole organs (depending on their size) with no
peptide extraction and limited sample preparation.?® Methods developed for the
analysis of individual cells provide extensive peptidomic information from an
individual cell without interference from surrounding tissue.*®“° As an extension
of both of these methods, MS imaging has developed. This method is carried out
by applying matrix to a tissue slice and then rastering the MALDI laser across it
and collecting spectra from each spot hit by the laser. After all the spectra have
been collected, software is used to compile the data and display a heat map of
the location of the masses detected. By doing so, researchers can determine the
spatial distribution of peptides within a tissue of interest. One example of this is
the identification of cancer specific peptides within a tumor in a mouse brain.*-%3
The speed of a MALDI-TOF, along with its ability to analyze tissue directly,
makes it very amenable to MS imaging. In the future, peptidomic MS imaging
promises to be one of the best methods for identifying peptide biomarkers closely
associated with disease morphology.

In addition to MALDI instruments, CapLC-ESI QTOF offers another
method of peptidomic analysis. One advantage it offers over MALDI analysis is
its ability to analyze HPLC separations in an on-line fashion. While HPLC

fractions are easily analyzed off-line using a MALDI instrument, the separations

often require a large injection volume, the collection and preparation of samples,

followed by the spotting of all fractions onto a MALDI target. By being able to
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analyze fractions as they come off a column, the injection volume is greatly

reduced and throughput increased as a result. Furthermore, if larger peptides
need to be detected, ESI has the ability to multiply charge molecules and thus
reduce the observed m/z ratio. This multiple charging of molecules also assists
in peptide sequencing due to the fact that fragments have a higher chance of
retaining a charge and thus being detectable, i.e. more fragment ions are
observed.

When performing peptide analysis and characterization, it is difficult to
obtain adequate fragmentation spectra allowing for complefe determination of the
amino acid sequence. This is due to the fact that it requires a varying amount of
energy to break the peptide bonds between the different amino acids. This
results in some fragments being much more abundant than others which can
often make de novo sequencing nearly impossible. Thus, it is necessary to
perform other tests to learn more about the peptide sequence. One important
method for peptidomics research is chemical derivatization whereby the peptide
is allowed to react in a known manner with certain reagents. Three of the most
popular derivatizations are formaldehyde labeling, methylation, and acetylation.?®
5455 The information that needs to be gathered will determine which of these
labeling schemes is used. In addition to improving fragmentation and increasing
chemical information, using various derivatizations in conjunction with isotope-
encoded reagents also enables relative quantification of peptides in two different

samples.’®*° In general, chemical derivatization offers another tool to

peptidomics researchers to assist in gathering the necessary information.
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Overall, mass spectrometry remains to be one of the most powerful and

versatile technologies currently available for molecular identification and
characterization. The flexibility of mass spectrometry stems from the ability of
researchers to mix and match ionization techniques with mass analyzers
depending on their research and the instruments available. One unifying factor
of all mass spectrometers being used for peptidomics is their relative high
sensitivity in the peptide mass range (m/z 500 to >5000) as well as the capability
to produce data that directly correlates to the peptide’s sequence. The sensitivity
is necessary for the analysis of peptides through the range of abundances found
in vivo. Additionally, the ability to determine amino acid sequence is vital if
investigators are to identify the nature of the peptide and whether it can be
utilized as a drug target or disease biomarker. Exactly which instrument is used
is often determined by the sample and how it is prepared for analysis. If, for
example, peptides are to be analyzed directly from tissue, it is necessary to use
MALDI as the ionization technique as it does not require the sample to be in
liquid form. Furthermore, a sample that must be separated first may benefit
greatly from being analyzed on an LC-ESI MS and thus reducing the required
injection volume. In all, there are a great numbet of instrumental variations to

suit many of the various areas of peptidomics research.

Data Analysis and Bioinformatics

In the process of performing peptidomics research, a great deal of data is

produced that can make data analysis a daunting task. As proteomics
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developed, many software packages were developed that allowed users to

submit their data, piece together peptides into complete protein sequences, and
then search a database for the encoding gene. This has greatly facilitated
proteomics research, but due to the challenges of peptidomics application of
these tools has been almost impossible. Fortunately, numerous bioinformatics
software packages have developed for peptidomics to combat the large data sets
and enabled researchers to more quickly process data and draw the necessary
conclusions.®®? By using such software, users can input a substantial amount
of data, visualize it simultaneously, and carry out the needed functions in a timely
and error free manner. Some of these functions include the merging of
overlapping data, comparing and contrasting data of varying classes, and the
compiling of multiple data sources (i.e. retention time, m/z values, relative peak
abundance, etc.). Additionally, when dealing with a large amount of data in a
scientific setting, it is often necessary to prove statistical relevance, as well as
provide some amount of statistical values in evidence of your conclusions.
Bioinformatics packages also allow researchers the ability to easily perform the
required statistical analyses to make their data scientifically acceptable.®*®
Bioinformatics has been one of the main tools in peptidomics research,®
1783 but unfortunately is still lacking when compared to the tools used in
proteomics research. Because a great deal of proteomics research is being

performed in common model organisms, researchers have the ability to search

their protein sequences against a database of previously identified proteins or

theoretical proteins derived from genetic information. Peptidomics on the other
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hand has no such database through which to search. Investigators can

occasionally search the protein databases for short matches to their peptide
sequences, but because these sequences are so short, an inordinate amount of
matches are made of which many are incorrect. For many model systems there
is no genomic information and this process is completely impossible. As a result,
there is a real and apparent need for a bioactive peptide database for the more
common model systems. Bioinformatics can and does assist greatly in
peptidomics research, but without a better understanding of the peptides and
their origins, many vital conclusions cannot be made.

Although the fully sequenced genomic information may not be available, it
is possible to obtain the sequences of the expressed portion of genes coding for
peptides, or expressed sequence tags (ESTs) by reverse translating the amino
acid sequences of peptides to mMRNA. Once ESTs have been produced,
databases can be searched for similarities in species that have been more
thoroughly researched. Furthermore, ESTs can be used to identify and
sequence the complete genes coding for these peptides, and their precursors.
By creating ESTs and characterizing the associated gene, a great deal of
information can be gathered on a species that hds otherwise not been genetically
described. Overall, ESTs library searching provides an excellent addition to
peptidomics research as it allows investigators to gather data on the genomics
and proteomics of species that have not been as fully described as well as

enabling them to perform phylogenetic research on a species and learn better

how they are genetically related to other similar species.

78-81
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1.4 Bioactive Peptidomic Applications

Peptide Family Characterization

One observation that has resulted from peptidomics research is the
homology between some groups of peptides, especially across multiple related
species. Thus peptides with high homology have been grouped into families.
Although peptides within families sometimes have similar function, differences in
tissue location and time of presence indicate that many have very different
functions.'? % As a result, one goal of peptidomics is to identify all the
members of these peptide families. Currently, while many peptide families have
been identified, the full complement of peptides in each family has not yet been
fully identified as is evidenced by the continual additions to peptide families that.
show up regularly in the literature. Additionally, of high interest are those peptide
families that have members in many species. Some species gaps are as far
apart as vertebrates and invertebrates as is demonstrated by the RFamide family
. of peptides. These widespread peptide families point towards the importance of
the peptide families in org_anisms, but what their function of is still quite often a
mystery.

Peptides in the same families are thought to have similar functions but are
often differentially expressed between species, organs, and occasionally within
an organ indicating differences in how and where they work. By gathering data
on this distribution of a peptide family, conclusions can be made regarding the

function of the peptides as well as their diversification through speciation.

Furthermore, by understanding how closely related species can differ in their
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peptide family distribution, investigators can gain insight into the differences

between species and why drugs affect each species differently. This information
would not only be invaluable to pharmaceutical companies, but would also
benefit human health by preventing some of the negative drug interactions that

can occur when testing new drugs in humans.

Drug Target Elucidation

Due to their importance in systemic signaling, bioactive peptides play an
important role as drug targets.' " Through the modification of peptide
signaling, it may be possible to adjust the effect peptides have on an organism
and thus change the course of diseases. It is thought that peptides have great
control over such bodily functions as feeding, sleep, and how the brain
communicates to the rest of the body. Because of this control peptides have in
the body, efforts should be made to either mimic them or affect how they operate.

One excellent example of peptide modulation is the Angiotensin family of
peptides in humans which cause vasoconstriction and thus increase blood
pressure. Because this particular peptide and its function was so well
understood, investigators developed angiotensin ‘converting enzyme (ACE)
inhibitors to reduce the amount of anigiotensin produced in the body. By
administering ACE inhibitors, doctors can effectively reduce blood pressure in
patients with hypertension.”'”® This illustration shows the important effect that

bioactive peptides play in the body and what is possible through a better

understanding of their function and how they are created. Only through
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increased research in bioactive peptidomics will these goals be met and new

drug targets discovered.

Biomarker Discovery

Finally, because peptides are integrated with a large part of cellular
machinery, a change in the functions of a cell will presumably change the
peptides produced and/or secreted by the cell. Thus, if that change in peptide
composition can be detected, infection can be detected earlier and possibly more
reliably. If the peptide can be detected in the blood, or some other bodily fluid, it
may even be possible to identify infected organisms without invasive operations.
Furthermore, in the case of treating patients, the identification of a biomarker that
is associated with disease progression can greatly assist in determining how well
a patient is responding to a particular medication. By enabling doctors to identify
the efficacy of drugs on patients, they can moré quickly administer the drug
therapy that will be most effective for that patient. From identifying infected
organisms to monitoring how well a drug is treating a disease, peptidomics

promises to play an important role in the future of biomarker discovery.'” ™7

1.5 Conclusions

In conclusion, although there has been a great deal of methodologies
developed for earlier -omics fields, peptidomics remains lacking many of the
methods necessary to reach its full potential. While many proteomics methods

have been adapted to peptidomics, the challenges of naturally occurring
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bioactive peptides such as their small size and the often present PTMs prevent

these methods from working well enough to fully identify and characterize the full
complement of an organism’s peptides. Obviously though, peptides play an
important role in many processes, both cellular and systemic. It is for this reason
fhat they hold great promise as drug targets, disease biomarkers, and a general
improved understanding of how the body works. The methods currently being
used have set the stage for the future of peptidomics. As mass spectrometry will
certainly continue to play a large role in the analysis of peptides, efforts should
be focused to further develop methodology of sample preparation, MS analysis,

and data processing to gain an adequate knowledge of peptides and their

function.
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Chapter Two

Marine Crustacean Care and Dissection

There are no particular coauthors for this chapter as the work has been
performed completely by me, but | should acknowledge some of those that have
trained me in crustacean dissection. First ahd foremost, my professor Lingjun Li
initially taught me dissection and has encouraged my increase in experience by
sending me twice to the University of Washington-Seattle and Friday Harbor
Labs to learn more. Also, Andrew Christie of the University of Washington-
Seattle Department of Biology taught me a great deal while | was in Washington.
Other than these two, | would also like to recognize Xin Wei and Heidi Behrens,

coworkers of mine who took a Saturday morning to assist me in taking the

pictures necessary for this manual.
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2.1 Introduction

Ever since mankind has been curious about the workings of the human
body, they have used other organisms as model systems for their research. The
factors that are taken into account when selecting a model system include such
things as ease of acquisition, cost, how well it reflects the original system, and
many times simplicity (a simple system is easier to understand than an incredibly
complex one). It is for this reason that crustaceans have been used for many
years as model organisms for nervous system research. Our lab has chosen to
work with marine decapod crustabean species to learn more about this model
nervous system. While it is possible to obtain a great deal of sample tissue from
collaborators, there are many complications that these collaborations can
introduce. Furthermore, there are many times when it is necessary to obtain
fresh tissue as well as experiments that require the presence of live animals (i.e.
microdialysis). It is for these reasons that our lab must not only maintain
decapod crustaceans in our lab, but also dissect them and collect the tissue
needed.

As can be surmised, obtaining and keeping marine invertebrates in a lab
located thousands of miles from any ocean is no easy task. To do this, we were
required to order crabs from various vendors and or get them from collaborators
on the coasts. The majority of the crabs we worked with were Cancer borealis
(the Jonah crab) which is found in the North Atlantic Ocean. For our work, we

purchased crabs from Marine Biological Laboratories in Woods Hole, MA

(www.mbl.edu) and The Fresh Lobster Company
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(www.thefreshlobstercompany.com) in Gloucester, MA. Both of these

companies worked well for us as they often would catch the crabs and pack and
ship them the same day for next day delivery. Even with the relative speed of
this process, the animals received a great deal of stress and almost always

several would be dead upon arrival or die shortly after being received.

2.2 Tank Maintenance

To improve the survival of the crabs, it is necessary have a chilled
seawater tank in which to place the crabs in as soon as they arrive. By doing so,
the crabs are placed back into a system as similar to their natural habitat as can
be provided for them in Wisconsin. To fit these unique needs, we set.up a
chilled, seawater tank that is fairly easy to maintain. This tank system was
ordered from Aquatic Ecosystems Inc. (www.aquaticecosystems.com) and was
specially designed for our needs. While this was a complete filter system, it
lacked the necessary plumbing requiring me to complete the system setup.
Figure 2.1 shows the set up and the direction of water flow. In addition the
physical setup of the aquariums, it is also necessary to introduce bacteria to the
system in order to get the nitrogen cycle started for the processing of harmful
ammonia to less harmful nitrogen forms. This is done by initially adding saltwater
specific bacteria as well as a small amount of nitrogen and allowing the system to
run for two weeks prior to the addition of crabs. After doing this, the tank is ready

for the addition of crabs.
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Although this aquarium system is fairly maintenance free, we have

found it necessary to perform a 10-20% water change prior to the arrival of a

shipment of crabs. This is usually done the day immediately before and consists

of the following steps:

i ¥

Prepare for the water change by first turning on the RO water by
turning the two red valves in the box outside the animal room above
and to the left of the door. Also prepare the buckets that are to be
used. Generally, it is enough to have two five gallon buckets ready to
mix the saltwater in before pouring it into the tanks.

Next, refer to Figure 2.1 and quickly close valves A and B and turn off
system by switching the on/off switch on the bower strip to off. After
this, everything should be stopped and no water should be running
anywhere. Make sure that the valves are turned off all the way as they
will leak if not shut completely.

After everything is shut off, you can now open the C valves to release
water to the drain. Make sure to turn both of them on in quick
succession so that roughly the same amount of water is flowing out of
each of them. Watch the water level and only let out as much as is
necessary. One way to determine how much water to let out is to
measure, in inches, the water level in one tank when full, then take
10% of that measurement and draw a mark down from the full mark
that amount. When letting out water, let it out up to that mark and then

close both C valves again in rapid succession.




40
4. Once water has drained out of the tanks, you can begin making

fresh saltwater. To do this, place 2.5 cups of Red Sea Salt into one 5
gallon bucket, and fill the bucket with RO water. The RO water can be
obtained from the provided hose and by turning the red valve
connected to the water line running along the upper part of the wall.
While filling the bucket, make sure to stir the water to make sure the

salt is getting fully dissolved. While the first bucket is filling, get the

other bucket ready by pouring in the salt; then switch the hose over to
the second bucket once the first one is full. For a 10% water change
you will only need to fill two buckets, and four buckets for a 20% water
change.

5. Once the saltwater is prepared, carefully lift it up and pour an equal
number of buckets into each tank, i.e. if performing a 10% water
change with two buckets, you should pour one bucket in each tank.

6. Once you have poured all the fresh saltwater into the tanks you are
ready to start the system again. To do this, you will reverse the steps
you took earlier. Therefore, turn on the power strip, open valves B,
then valves A. The system should start flowing normally.

7. Before you finish the mesh filter that the water coming out of the tanks
flows into needs to be changed. To do this, move the outlet pipes out
of the way and work the dirty mesh filter out and replace with a fresh
one. The dirty one can be taken to the dirty cage room or given to

Animal Care personnel to be run through the cage washer for cleaning.
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After replacing the mesh filter with a fresh filter, make sure to move

the outlet pipes back so they are flowing into the filter again.

8. Also, you will need to clean the protein skimmer. This is done by first
unhooking the wasté tube from the top compartment of the skimmer
and turning this compartment to the slots where it can be removed.
Take this to the sink, remove the lid by turning it to the appropriate spot
and lifting, and empty and clean it thoroughly with the sponge. Before
replacing it, make sure to wipe out the inside of the middle
compartment of the skimmer with a paper towel, thus removing any
protein buildup that can be seen there. Then replace the top
compartment and hook up the waste hose again.

9. Finally, check the filter bag that sits in the bottom of the tank to make
sure that the beads are not leaking out of the bag. Also note the color;
if the beads are somewhat brown, the beads need to be recharged.
This can be done by placing the beads (in the bag) into a solution of
dilute bleach, then in fresh water with a dechlorinating agent before
being placed back in the bottom of the filter tank with the top sticking

out the top (see the product bottle for more instructions on this).

10.Finally (do not worry, you are almost done), before you leave, make
sure the water level in the filter tank is okay. The water on the left side
of the tank (where the dirty water is coming in from the tanks) should
be high enough to be going over the first barrier (from the left) and

through the biofilter (blue sponge thing), but not higher than the second
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barrier. The water should then be flowing over the third barrier into

the area on the right where the pumps draw water from. | The water on
the right should be high enough to cover the tubes that draw water into
the pumps, but not so high that it is over the middle barrier. Make sure
both pumps are drawing water and that water is flowing out of valve F.
Also, although you should not have changed them, valve E1 should be
all the way open and valve E2 should be partially open. If you do need
to adjust this, it should be open enough to pump water into the protein
skimmer just up into the lower cylindrical chamber, but not more than
half an inch. Fine tune this as necessary.

11.After all this, you should be done. Make sure you also shut off the RO
water in the hall as well as release the pressure in the line by using the
valve in the sink in the room next to the crab room. Once you have

done this, you are done with the water change.

While this process may seem fairly technical, after performing this process
multiple times, it is easier to perform and takes only a half hour. Other than
‘water changes, the tank requires very little maintenance. Once a year is the
chiller needs to have water run through it in reverse to wash out any buildup that
has gathered fhroughout the year. This can be done by moving some of the
piping around and pumping water from one bucket to another or cycling water
through the chiller. Other than these minor things, the aquarium system requires

very little maintenance.
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2.3 Dissection

2.3.1 Dissection Introduction

Once the tanks are running, you are ready to place crabs in the tank.
Although this seems straightforward, there are steps that need to be taken prior
to and for the proper placement of crabs in the tank to ensure their survival.
First, to make sure the quality of the saltwater is adequate, it is necessary to
perform tests to determine the water quality in the tanks, i.e. salinity, ammonia,
nitrites, nitrétes, etc. Most of these tests can be performed by using the water
quality test kits provided or by consulting the animal care facility staff and salinity
is tested using a hydrometer. The values for each of the variables that are safe
can be found in Table 2.1. After confirming adequate water quality, C. borealis
can be ordered from one of the various east coast seafood vendors, or marine
labs as stated above. When the crabs arrive, retrieve the box as quickly as
possible and take it to the crab room. As you remove the crabs from the box,
separate the dead crabs from the live ones. Place the dead crabs into one of the
clear plastic bags provided by the animal care staff for dead animal disposal.
Generally (not always), a crab that is moving or has his claws and feet tucked up
to its body is alive, while those that are floppy and have no muscle control are
dead. Occasionally, a dead or almost dead crab will twitch and move slightly
despite being dead. Place live crabs in the tank by holding on to its back
completely under water with its bottom (ventral side) against the wall of the tank
and its mouthparts up towards you. This should allow air bubbles to escape from

the crabs gills through its mouthparts. You need to hold the crab in this position
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until all the bubbles have stopped. Then, carefully lower the crab to the

bottom of the tank and make sure that it is sitting upright. Continue this process
until all live crabs are in the tanks. Afterwards, do not forget to place the dead
crabs in the appropriate freezer provided by the animal care facility.

Once you have live crabs in the tanks, you are ready to begin dissecting
and obtaining the tissue you need for your experimentation. The process of
dissection involves two major procedures, a macrodissection and a
microdissection. The macrodissection is the rough dissection without a
microscope to remove the areas of the crab that contain the ganglia and
neurosecretory organs. Following macrodissection, microdissection under a
microscope is performed to remove the nervous system organs from their
surrounding tissue. The sequential steps for performing a full brachyuran crab
dissection are listed below with pictures outlining the method.

To begin dissection, you must first decide what organs/tissues you want to
obtain. This must be established initially as it will determine how much how little
of this manual you will need to follow. To make this easier to follow, the
instructions have been split into sections in order to make it easier for the reader

to find the section needed to perform the dissection they are interested in.

2.3.2 Macrodissection
Drawing Hemolymph
1. To perform the most successful hemolymph collection, crabs must not

be previously cooled on ice and should be done first, before dissection.
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The hemolymph must also be drawn first so that none is lost when

the legs are removed later for dissection. If only hemolymph is
needed, not icing the crab greatly improves the odds of survival of the
crab after collection. The first step for drawing hemolymph is to
prepare an aluminum dissecting pan, a syringe that will hold at least 5
mL (even if you only want 1 mL), a large needle (20 gauge or lower, for
the needle), a spatula, and a tube containing your extraction buffer of
choice (Figure 2.2). Get the syringe ready by placing the needle on it
in preparation of the next step. Make sure to get everything ready so
you are completely prepared during the actual collection.

. Next, lean the crab’s dorsal (top) side against the back of the pan (so
you are looking at the tail) and then hold the claws of the crab back so
they do not pinch you (Figure 2.3). Most people do not have large
enough hands to hold both claws with one hand and may require
someone to assist them in doing this. Initially, crabs will generally
cooperate until you carry out the next step when the crab will begin
struggling desperately.

. After you have the crabs claws controlled, use the spatula to pry the
tail of the crab away from his body. As soon as you pry the tail up, the
crab will become very active and aggressive. Ask the person with you
to hold the claws while you hold the tail back. If you happen to release

the tail, it will fold against the body, but not so tight as it was originally.



46
4. Once the tail has been pulled away from the body, you are ready to

insert the needle to draw hemolymph. Insert the needle into the crab
right at the base of the tail, where it meets the body (Figure 2.5).
Angle the needle into the crab towards the ventral side, into the cardial
chamber of the crab. v

5. With the needle in the crab, pull back on the syringe plunger to begin
drawing hemolymph. IPuII back on the plunger enough that you create
a vacuum inside the syringe to assist in the drawing of the
hemolymph(Figure 2.6). You may need to move the syringe in and
out of the crab to find the spot that provides the most hemolymph.
This will be evident when hemolymph begins rapidly filling up the
syringe. Try not to move the needle around too much inside the crab
as you will be damaging the organs inside the crab and will reduce the
survivability of the crab. If you are not able to draw enough
hemolymph, you can also insert the needle at the base of one of the
legs and try to draw hemolymph there (Figure 2.7). Generally,
drawing hemolymph from the base of the legs is not as successful, but
is an alternative.

Once you have drawn as much hemolymph as you need, remove

the needle. For crab survival, the smaller the amount of hemolymph
that is drawn, the better the chances are. Generally, 2 mls can be

drawn without a serious detrimental effect on the animal, and as much
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as 10-15 mls can be drawn if the crab is to be sacrificed following

hemolymph removal.

6. Once you have removed the needle, let the crab rest and/or place it
back into the tank, making sure to allow all the air to burp out of the
crab before Iéﬁing it settle to the bottom.

7. Next, take the syringe and place the appropriate amount of drawn
hemolymph into the tube you have prepared. Place this tube on ice

and continue with dissection.

Stpmatogastric Nervous System (STNS) and Eyestalk Removal
Macrodissection for the removal of the following organs:
Brain
Stomatogastric Ganglia (STG)
Commissural Ganglia (CoG)
Oesophagial Ganglia (OG)
Anterior Cardial Plexus (ACP)
Sinus Gland (SG)
Items needed:
Aluminum dissecting pan
Side cutters or rongeurs
Small scissors
Toothed forceps or locking hemostat

Spatula
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Rubber lined dissecting dish

Before performing this dissection, you need to place the crab in ice for
15-30 minutes. This anesthetizes the crab as well as makes it easier
to deal with initially. Make sure to bury crabs in ice, making sure it is
completely covered. If you need to draw hemolyph, follow the
directions above, and then place the crab on ice. While waiting for the
crab to chill, prepare all the tools you will need for this dissection
(Figure 2.8). Also, become familiar with the location of each organ in
relation to the crab so you better understand what you are dissecting
(Figure 2.9).

Once the crab has been cooled, place it in the dissection pan. Then,
use the side cutters to remove the claws and legs at their base where
they meet the body of the crab (Figure 2.10). Generally, it is best to
remove the claws first so the crab can not injure you as you progress.
Next, with the ventral side of the crab facing up, use the side cutters to
crack away the outer edge of the crab’s shell. Crack into the crab
roughly 0.5 inch or at least enough to provide space to slip in a spatula
(Figure 2.11 A). Crack around the crab’s shell from the rear edge of
the crab, up around the crab almost to the eyestalks (Figure 2.11 B).
After you have the edge of the shell cracked away, slip the more
rounded end of the spatula into the shell and separate the hypodermis
of the crab from the crab shell (Figure 2.12). The hypodermis is the

thin skin that is present just under the shell of the crab. Be careful
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when doing this as you do not want to break the skin (although

breaking the skin does not mean you can not continue, it does make
the dissection more difficult later).

; .Separate an area of the hypodermis from the shell large enough that
you can remove a sufficient amount of the shell that you can continue
using the spatula to separate the hypodermis all the way across the
crab. Be especially careful when separating the hypodermis under the
middle section of the crab as this is where the stomatogastric nervous
system lies and you can damage it if not careful. You will essentially
be alternating between cracking the shell away and separating the
hypodermis. Eventually, you want to have most of the front half of the
crab’s shell removed, except for a smél'l bridge (maybe 1 inch wide)
from the eyestalk area to the rear of the crab. The hypodermis should
be separated completely frofn the front portion of the crab (Figure
2.13).

. Once you have the top of the crab prepared, with the appropriate
amount of shell removed and the hypodermis separated, turn the crab
over and begin removing the mouthparts of the crab. These can be
removed by pulling them away from the body of the crab, and twisting
until they crack off (Figure 2.14 A). There are multiple mouthparts,
some of which you will need to pull away from the crab’s body with a
spatula (Figure 2.14 B). Finally, you will get down to the main pair of

mandibles over lips and the entrance to the oesophagus. These can
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be removed by using the side cutters to cut the base of the

mandibles and then levering the mandibles out with the cutters(Figure
2.14 C).

. Next, return the crab back so its ventral side is up again and crack the
shell along the anterior (front) edge of the crab, around the eyestalk
sockets. Make sure to crack enough of the shell along the very front of
the crab (Figure 2.15 A). Once you have the front of the shell
removed, use the spatula under the shell to make sure the hypodermis
is separated as far forward as possible without puncturing it. After this
is done, use the cutters to crack the shell all the way across the middle
of the crab (where you left shell earlier). Once the shell is cracked all
the way across, carefully lift from the rear the remaining middle/front
portion of the shell (Figure 2.15 B). If you have cracked enough shell
away along the front, this piece should lift away fairly easily with no
hypodermis or other tissue still attached to it. If hypodermis or other
tissue is still stuck to this portion of the shell, either crack more of the
shell on the front of the crab, or carefully use the small scissors to cut
away the connected tissue as close to the shell as is possible.

. Once the front portion of the crab has been removed, you should now
be able to remove the eyestalks (for SG). They may either be on the
piece of shell you just removed, or remain on the crab. Wherever they
are, use the small pair of scissors to cut the softer section at the base

of the eyestalk to remove it from the rest of the shell (Figure 2.16).
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Place the eyestalks into saline solution and place on ice until

carrying out microdissection (in next section).

9. After removing the eyestalks, use the spatula to separate the
hypodermis from the lower shell on either side of the eyestalks (Figure
2.17 A). Then, use the small scissors to cut the tissue along the front
of the crab. If the shell was cracked correctly, there should be .two
small muscles that remain attached to the front portion of the crab’s
lower shell. Cut these, and then continue to cut down and forward
along the inside edge of the crab’s lower shell. Make sure to keep
your scissors as close to the shell as possible, making small cuts as
you progress (Figure 2.17 B). Use the scissors or the spatula to
occasionally scrape the cut tissue down out of the way. Continue
doing this to the lower part of the shell where you will eventually reach
an arch structure in the shell with a small bump in the shell protruding
int‘b the crab’s body (Figure 2.17 C).

10.0nce you have reached the arch in the shell over the oesophagus, use
the small scissors to carefully cut around the oesophagus and lips of
the crab (Figure 2.18 A). Once the lips and oesophagus are free, use
the cutters to cut the shell on eithef side of where the eyestalks were
down towards the arch in the shell over the oesophagué (Figure 2.18
B). This should release the whole piece of shell over the oesophagus.

11.Now that you have the oesophagus revealed, you will be removing the

stomach. This is probably one of the more difficult parts of the
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dissection and generally takes practice to become proficient at.

First, turn the crab so that you are facing it head on and prop the front
of the crab on the front of the dissecting tray so the crab is leaning up
toward you. Now, take the toothed forceps or the locking hemostats in
your left hand and grab the lips. Gently lift the lips and using the small
scissors, cut at the base of the oesophagus (Figure 2.19 A). Continue
carefully liting the lips as the oesophagus is cut away, making sure not
to tear the lips but to use them to control the oesophagljs. As you lift,
continue cutting the tissue under the oesophagus, towards the
posterior (rear) end of the crab. You should find two small ossicles
(bones) just below the oesophagus that you can use to guide your
cutting. Keep cutting above these ossicles and below the oesophagus
and stomach. Also, avoid cutting into the adjacent sperm ducts as
puncturing these will reléase sperm which will interfere with the
dissection. Continue lifting the oesophagus with the forceps and
c'u‘tting back into the crab until you see the pyloris (two whitish yellow
balls) on the underside of the stomach (Figure 2.19 B). Once you
have reached this, you can cut the hypodermis on either side of the
stomach angling back and away from the stomach (Figure 2.19 C).
Extend this cut towards the back of the stomach, and then cut behind
the stomach and lift the whole stomach away from the crab, cutting any

other tissue holding the stomach in place (Figure 2.19 D). Keep
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holding the stomach by the lips with the forceps and go on to the

next step.

12.The next step is the removal of the teeth from the stomach and can
also be challenging to perform the first several times attempted. To do
this, take the stomach that you have just removed and flip it over,
turning the forceps in the process. Then, drape the stomach over the
index finger of your left hand and then grab and hold the forceps with
your left hand as well. Once you have the stomach positioned, use the
small scissors to cut straight down the bottom of the oesophagus (that
should now be up because the stomach is flipped over) (Figure 2.20
A). Cut straight back, through the pyloris (between the two whitish
yellow balls) and down on the back side of the stomach so that there is
a cut running from front to back on the bottom of the stomach. Then
take the scissors and at the widening of the oesophagus into the
stomach, make cuts angling back towards the posterior side corners of
the stomach (Figure 2.20 B). Once these cuts are made, the stomach
should almost fall open, revealing the inside of the stomach. Inside the
stomach, you may find the remains of the crab’s last meal. Wash this
out with saline if necessary. You will also find three brown, harder
parts in the stomach. These are the teeth the crab uses to grind its
food. To remove the teeth, cut them out with the small scissors

(Figure 2.20 C).
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13.0nce you are done removing the teeth, flip the stomach back over

and place it into a rubberized dissecting dish with enough saline to
cover it completely (Figure 2.21). Set this aside on ice or in a fridge
until you are ready to perform the microdissection to remove the

stomatogastric nervous system organs.

After removing the eyestalks and the stomach, you are ready to go
on to either perform the remaining macrodissection or the microdissection

of the sections you have just dissected.

Heart, Cardial Ridge and Thoracic Ganglia Removal
Macrodissection for removal of the following organs:
Heart
Pericardial Organ (PO)
Thoracic Ganglia (TG)
Items needed:
All items for macrodissection of stomatogastric ganglia
Large scissors (curved or straight)
Forceps, fine and paddle (NOT microdissecting forceps)
Tube prepared for heart and another for TG (if necessary)
1. To perform this dissection, you must have performed dissection of the
stomach before beginning. Make sure you have all the supplies

prepared before beginning (Figure 2.22).
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2. First, pick up the crab in your left hand and take the large scissors in

your right hand. Using the scissors cut the shell straight back from 1
inch on either side of the midline all the way back to where the top
shell meets the bottom shell along the back of the crab (Figure 2.23
A). When you cut all the way through on one side, you will be able to
break off that side of the shell. Once the shell is removéd, use the
scissors to cut away the tissue that remains there along with the gills
along the cardial ridges. Make sure to remove the tissue on both sides
of the crab so that all you have left are the tail section of the crab, the
cardial ridges, and the shell over the top of that (Figure 2.23 B).

3. Once you have both sides of the crab removed, turn the scissors so
the blades open parallel to the shell, open them and slide them under
the upper part of the shell with the blades on either side of the top of
the cardial ridge (Figure 2.24 A and B). Cut the connection between
both cardial ridges and the upper portion of the remaining shell. Once
these connections are cut, lift the shell away to reveal the heart and
the inside of the cardial ridges.

4. To remove the heart for tissue collection, uée a clean pair of forceps to
carefully tug on the heart until it pulls out of the crab. If necessary, use
the small scissors to cut any connections to the surrounding tissue

(Figure 2.25). Be careful when removing the heart not to damage the

inside of the cardial ridges as this is where the PO’s reside. Blot the
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heart on a Kimwipe to remove any excess hemolymph and place the

heart into the tube you have prepared.

. Once you have removed the heart, lift the tail and pull it away from the
remaining portion of the crab (Figure 2.26 A). Then use a pair of
forceps (I use the paddle ended forceps) to remove all the tissue from
between the cardial ridges (Figure 2.26 B). This includes removing all
the yellow tissue (hepatopancreas) that you can, as well as removing
the sperm ducts which run between the cardial ridges under the heart.
Again, make sure not to damage the inside of the cardial ridges where
the PO’s are.

. After the inside of the cardial ridges is fairly clean, use the large
scissors to cut the cardial ridges away from the remaining crab at their
bases (Figure 2.27). Make sure to get the entire cardial ridge, and
place it in saline solution as soon as it is removed from the body of the
crab.

. Once the cardial ridges have been placed in saline, you can go on to
work on removing the TG. To begin this process, use the small
scissors to cut away the ossicles around the center of the remaining
piece of the crab (Figure 2.28 A). Be careful as the TG lies directly in
the center of the crab. Once you have cut most of the ossicles, use

the forceps to remove as much of the ossicles as you can (Figure 2.28

B).
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8. After removing the ossicles, you should be able to see the TG in the

bottom of the crab piece (Figure 2.29 A). It looks like a wagon wheel,
with ganglia projecting out to the legs and the rest of the crab’s body.
To remove it, use the small scissors to cut around the TG (Figure 2.29
B), and using the fine (and clean) forceps, carefully lift the TG. As you
pull it up, use the scissors to cut any remaining connections it has to
the surrounding tissue (Figure 2.29 C).

9. Once you have the TG removed from the crab, use a Kimwipe to blot
the TG and to remove any excess tissue from it. After the TG is cIean,A
place it into the tube you have prepared for it.

10. After removing the TG from the crab, you are finished with the
macrodissection of the crab. Now, you should Have the eyestalks in
saline, the stomach section in saline in a dissecting dish, and the PO in
saline, all of these chilled on ice or in a fridge (Figure 2.30).
Additionally, you should have the hemolymph, heart tissue, and TG, all
in separate tubes with the appropriate extraction buffers in them.
These tubes should also be placed on ice so as to keep them cool
while you perform microdissection to obtain all the other tissues. The
final step of the macrodissection process is to clean all the tools you
have used in the process. All the crab parts need to be placed in a
dead animal bag and placed in the dead animél freezer provided by
the animal care facility. All the tools should be rinsed and all of the

“gunk” scrubbed off of them. After rinsing in water, rinse them in a
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solution of 70% EtOH. Once this is all done, you are all finished with

the macrodissection and can continue on to the microdissection.

2.3.3 Microdissection
Sinus gland (SG) dissection from eyestalks

Microdissection for removal of the following organs:
Sinus glands (SGs)

Items needed:
Dissecting microscope
Rubberized dissecting dish
Large spring scissors
Two pairs of the least and most sturdy, fine micro- forceps
Fine micro- forceps
Small spring scissors
Tube ready for SGs

1. Prepare by pouring saline into the dissecting dish and getting all your
tools ready and at hand (Figure 2.31) near the microscope you will be
using.

2. Next, take the eyestalks out of the saline. Using the large spring
scissors, slide one blade along the inside edge of the eyestalk and cut
first the concave side, and then turn the eyestalk over and cut the
convex side (Figure 2.32). Do this for both eyestalks and then place

them in the dissecting dish.
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3. While looking through the microscope, use the two pairs of the most

sturdy, fine forceps and carefully pull the two halves of the eyestalk
apart (Figure 2.33 A). Never use the very fine forceps when there is
hard shell present. While prying the two halves apart, watch for a
bright white, almost iridescent, spot that seems to be embedded in the
tissue on the concave sidé of the eyestalk; this is the SG (Figure 2.33
B). Once you have identified the SG, use one of the forceps to pull the
whole piece of tissue out of the eyestalk shell. Do this for both
eyestalks. Once you have removed the tissue from the shell, remove
the shell from the dissecting dish and place it aside to throw away
later.

4. Once you have just the soft tissue, you can grab the fine forceps and
the small spring scissors. For microdissection, you should always hold
the forceps in your left hand and the scissors in your right hand (vice
versa for left handed people) as fhis allows you the best control with
both tools. Once you have the tools, use them to carefully cut away
the tissue surrounding the SG (Figure 2.34 A). It is almost impossible
to get rid of all the surrounding tissue, but you should be able to clean
the organ up fairly well. One trick is to grab the tissue with the forceps,
then place the open scissors over the very tip of the forceps (above the

tissue) and carefully pull the tissue through the blades of the scissors

up to the point you want to cut (Figure 2.34 B). By doing this multiple
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times, it is generally possible to clean most of the extraneous tissue

from the SGs.

5. After removing the SGs from the eyestalks, grab them with the forceps
and remove them from the saline. Before placing them in the tube,
make sure to blot the forceps with a Kimwipe to remove any excess
saline solution that is on them. To prevent the loss of SGs by sticking
to the Kimwipe, blot just the upper part of the forceps, above where
you are holding the SGs. Finally, place the SGs in the tube you have

prepared with the appropriate buffer in it.

Pericardial organ (PO) dissection from cardial ridges
Microdissection for removal of the following organs:
Pericardial organs (POs)
Items needed:
Dissecting microscope
Rubberized dissecting dish with two pins
Small scissors
Fine micro- forceps
Small spring scissors
Tube ready for POs

1. To begin this dissection, you again want to fill a dissecting dish with

saline solution and get all your tools and materials ready (Figure 2.35).
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2. Once you are ready to start, you can remove the cardial ridges from

the saline you have them stored in from the macrodissection. Take
each cardial ridge and identify which side was inside (towards the
heart) and which side was out. If you imagine the cardial ridge as
having a tfiangular shape, the inner side makes up one side of the
triangle and the outer side makes up one of the angles of the triangle.
Because the POs are removed from the inside of the cardial ridge, you
normally would have to balance the cardial ridge on the point of the
outer side, making the dissection fairly difficult. To simplify this, use
the small scissors to cut the point of the outer side off to create a flat
side on which to lay the cardial ridge in the dissecting dish (Figure
2.36).

3. Once you have cut the outer side of the cardial ridge, place it in the
dissecting dish with the inner side up and use the pins to stabilize it
from moving. This is best done by placing one pin in the ventral
(bottom) side of the cardial ridge, and placing another on the dorsal
(top) side, making sure to not to place the top pin through the PO itself
by keeping-the ‘pin as close to the dorsal ossicle as possible (Figure
2.37). These pins should be placed at an angle so that you can work
on the cardial ridge between the pins.

4. Next, use the microscope to identify the PO. If there is extraneous

tissue remaining from macrodissection covering the PO, carefully use

the forceps and the small spring scissors to remove it. To identify the
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POs, use the microscope and look for bright white or iridescent

strings that run across the main portion of the cardial ridge (Figure
2.38). When looking down on the inside of the cardial ridge, you
should see a set of ossicles that create a triangular structure, with
another ossicle projecting off one of the triangles vertices (this side is
“the anterior or side). Over the ossicles that project out of the triangle,
there are two commissures that run along this ossicle and connect with
the main portion of the PO inside the triangular ossicle structure. In
the triangular structure, the PO has junctions on the inside of two of the
vertices of the triangle. Between these junctions, there are two to
three commissures that connect them. These can be difficult to see
sometimes so it is often easier to identify the junctions first.
. Once the POs (junctions or commissures) are identified, use the
forceps to gently lift them away from the cardial ridge. It is generally
easier to begin by lifting one of the junctions and then using the spring
scissor to cut any of the smaller connections to the cardial ridge
(Figure 2.39 A). If possible, do not cut the large commissures that
cross through the triangular ossicle. Once a junction is free, carefully
lift it and as you do, the commissures will begin pulling away as well.
Because the commissures are generally under a layer of tissue, it is
necessary to cut them out. This can be done by either cutting

alongside the commissures, or carefully making small cuts at the spot

where the commissure is held in the tissue (Figure 2.39 B). As there
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are two to three commissures connecting the two main junctions,

complete removal requires this process to be carried out multiple
times. Overall, this is the most tedious part of the PO dissection as
well as when there is the most risk for cutting the PO. If cut, continue
from the other junction and try to obtain as much of the PO as
possible. You have the entire PO when you have two junctions, all the
commissures connecting them, and a bit of PO that projects from the
anterior junction along the ossicle projecting towards the anterior of the
crab.

. After removing the POs, pull them out of the saline solution and
carefully blot the forceps with a Kimwipe to remove any remaining
saline. Because the POs will easily stick to the Kimwipe, blot the
forceps behind the tips where you are holding the POs. Doing this
reduces the amount of saline transferred to the tubes with buffer in
them. Once blotted, place the POs in the tube, making sure that the
POs actually get into the buffer and do not just stick to the wallls of the
tube.

. Now that you have dissected one set of POs, discard the cardial ridge
you were just working on and start work on the other one. After

completely finishing, make sure to clean up the dish you have been

working in as well as any tools that were dirtied in the process.
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Stomatogastric nervous system (STNS) dissection
Microdissection for removal of the following organs:

Brain

Commissural Ganglia (CoG)

Oesophageal Ganglia (OG)

Anterior Cardial Plexus (ACP)

Stomatogastric Ganglia (STG)

Items needed:

Dissecting microscope

Rubberized dissecting dish with at least seven pins

Fine micro- forceps

Small spring scissors

Five tubes with buffer for each type of organ

1. To begin the STNS dissection, first prepare all dishes, tools, and tubes

(Figure 2.40), and then, place the stomach section under the
microscope. You should have saline on the stomach from the
macrodissection, but make sure that it is fairly clean and is covering
the stomach completely. If the saline is dirty, make sure the lips are
pinned down first and empty out the dirty saline and replace with clean
saline. You want enough saline so that the whole stomach is
completely submerged. This makes the dissection much easier as

tissues can free float in the saline and will not lie down on top of each
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other. Additionally, refer often to the schematic of the STNS (Figure

2.41) as it will assist you greatly in identifying the location of many of
the organs you will be dissecting.

2. Once ready, you need to pin out the stomach to stretch everything out
so that it is easily accessible for dissection. There should already be a
pin in the lips holding them in place. Next, place a pin in each of the
lower corners of the stomach, slightly stretching the stomach taught
(Figure 2.42 A). After these pins are placed, put a pin on either side of
the stomach about halfway between the lips and the lower pins (Figure
2.42 B). When placing these pins, make sure to pin the stomach
tissue (possibly hidden under the hypodermis) and not just the
hypodermis. Finally, look for where the oesophagus was cut open
during macrodissection just below the lips, and place pins there on
either side of the oesophagus, pulling up slightly to stretch these up
and away from each other (Figure 2.42 C). Be careful when placing
these last pins as it is easy to stick a pin through the CoG. If you are
unsuré, wait until you have located the CoGs before placing these
pins.

3. After the stomach has been pinned out, you can begin the actual
dissection. Initially, you want to identify the brain. There should be
tissue protecting the brain that will need to be removed. You ought to
see hypodermis from the dorsal (top) side of the crab (a mottled red

brown tissue) and from the ventral (bottom) side of the crab (a whitish
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yellow tissue). Under where these two tissues meet is roughly

where the brain should be located (Figure 2.43). If it is not revealed
already, carefully use your forceps and spring scissors to cut the
hypodermis out of the way until you see the brain. Remove tissue that
is interfering. The brain looks like a white iridescent blob with many
commissures projecting from it. It should be fairly easy to spot as it is
one of the larger structures on top of the stomach. Once you have
identified the brain DO NOT remove it, but carefully clear away the
tissue surrounding it.

. Removing the CoGs: With the brain identified, you will now dissect
out the CoGs. To do this start at the brain and identify one of the two
large commissures that project out of the brain at an angle up towards
the lips, but away from the midline. Follow these commissures, cutting
away tissue as you go, until you reach a junction (Figure 2.44 A). The
junction will look iridescent white and will have another large
commissure projecting from it as well as several smaller commissures
(Figure 2.44 B). This junction is the commissural ganglia (CoG).
Carefully, cut the commissure between the brain and the CoG and use
this to pull the CoG up and out of the surrounding tissue. Because
there are other commissures connecting it to the rest of the STNS, you
will have to make several more cuts to completely remove it. Once

you have it removed, move it to a clear area of the dissecting dish and

shorten the projecting commissures so that only the CoG remains
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(Figure 2.44 C). When trimmed down, remove it from the saline

and blot the forceps with a Kimwipe to remove the excess saline, again
being careful not to lose the CoG in the process. After blotting, place
the CoG into the appropriate tube and make sure it gets into the buffer.
Finally, repeat this process on the other side to remove the other CoG.
One thing to note is that you may have to rotate the dish in order to get
a good angle to cut from when dissecting the other CoG, keeping a
relative sense of anterior and posterior.

. Removing the brain: To remove the brain, grasping the right
commissure that projected towards the CoG and lift slowly. As you lift,
you will need to cut the other commissures that are projecting out of
the brain (Figure 2.45 A). Eventually, you will also have to cut directly
underneath the brain to free it from the surrounding tissue (Figure 2.45
B). Be careful not to cut too deeply under the brain as other STNS
organs lay there. Eventually, you should be able to completely remove
the brain. Like the CoG, move the brain to a clear area of the
dissecting dish and trim short all the projecting commissures. Once
trimmed, remove the brain from the saline, blot it as with the other
organs, and place it in the appropriate tube.

. Once you have dissected out the brain, you are ready to collect the
rest of the STNS organs. This next set of steps is probably the most
difficult part of the whole dissection. It takes practice and

perseverance. Eventually you will get gain the skill required to do it
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quickly and efficiently.

Begin cutting straight down ( towards the dish) from where the brain
was (Figure 2.46 A). You will only need to cut down approximately
half a centimeter or so. Stop cutting down when you reach an artery
that runs along the midline of the crab. This artefy will look like an
opening in the tissue. It will be deceiving though as there are two
muscles that are inside the artery (Figure 2.46 B). Watch for these
two muscles as well as the artery wall to indicate when you have
reached the artery. Once you have reached the artery, do not cut any
further or you will make your dissection very difficult.

7. Look down between the two muscles to find a commissure running
inside the artery along the midline, this is the stomatogastric nerve
(stn) (Figure 2.47 A). Quite often the stn is difficult to see between the
muscles, so carefully cut their connection to the inside wall of the
artery on the posterior (rear) end (Figure 2.47 B). Again, look for the
stn lying along the bottom of the artery. It may be necessary to use the
forceps and blindly attempt to grab the stn from inside the bottom of
the artery. Generally, if you have not seen the stn by now, blindly
grabbing for it like this will reveal its location. If you do grab it, do so
gently and do not pull hard as you can snap the stn and make this
dissection much more difficult. Once you have identified the stn, grab

the muscles that you just cut and lift them up. As you lift them, you

may have to cut the top of the artery open to continue pulling up on the
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muscles. As you reach the end of the muscles, continue pulling on

them and cutting towards the lips, all the while paying attention to
where the stn is and making sure not to cut it (Figure 2.47 C). After
you have cut almost all the way to the lips, cut the tissue containing the
muscles free and discard it. If you have done this correctly, you should
have just revealed the majority of the forward section of the STNS.

. Remember to refer to the STNS schematic (Figure 2.41) to assist in
identifying organs. After you have removed the main portion of the

- artery, find the stn again. Next, follow the stn forward to a thickening of
the nerve. Although you may not be able to see them, there should be
two projecting nerves (anterior cardial nerves, acn) coming off the stn
at this thickening. Most likely, you will be unable to see the acns at this
point, but take note of where this thickening is as we will be returning
here shortly to remove the ACPs. As you move anterior, you will find a
major intersection where two relatively large commissures project off
the stn towards where the CoGs were (the superior oesophageal
nerve, son). You may find it necessary to clear away any excess
tissue that has remained in the way, just make sure when doing so that
you do nof cut the stn in the process. From this intersection, the stn
should continue forward to a final branch point. At this final branching,
there will be many projecting nerves, including two that curve forward
and then back towards where the CoGs were (the inferior oesophageal

nerves, ion), and another that projects straight up towards you (the
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inferior ventricular nerve, ivn). Just posterior to this junction is

where the oesophageal ganglia (OG) is located (Figure 2.48).

. Removing the OG: Once you have identified the location of the OG,
use the spring scissors to cut the ions that project out of this junction.
Then using the forceps, grab either the ivn or an ion and carefully lift
the OG up away from the stomach tissue. As you lift it away, you will
need to cut the stn below the OG but above the junction of the stn and
the sons (Figure 2.49). Once you cut the stn, the OG should be free
and you can move it to a clear place in the dissecting dish. Do so and
as you did with the CoGs and the brain, trim down the projecting
nerves before removing the OG from the saline, blotting the forceps to

remove excess saline, and placing into the appropriate tube.

10.Removing the ACPs: After removing the OG, follow the stn posterior

from where the OG was to the thickening in the stn that you identified
earlier, this is where the acns (that contain the ACPs) branch off. If
you do not see a thickening, do not worry; you can usually also find the
acns by carefully grabbing the stn and lifting it gently. By doing so you
should see two nerves projecting out the stn and winding their way to
either side and into the surrounding tissue. Because the ACPs
location on the acn is vaguely known, it is necessary to take a length of
the acn to guarantee removal of the ACP. To do this, first grab the acn

close to the stn, but not right at their junction. Then slide the spring

scissors alongside the stn and cut the acn off the stn while still holding
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onto the acn with the forceps (Figure 2.50). Finally, lift the acn and

carefully cut away tissue that is holding it in place until you have a
section of acn roughly 0.5 centimeters long. Cut this segment out,
remove it from the saline, blot it and place it in the appropriate tube.
Do the same on the other side of the acn and you have obtained the
ACPs.

Removing the STG: To remove the STG, start by following the stn
posterior from where you found the acns. When you have reached the
point that you first cut into the artery, you should see the stn starting to
thicken into the STG. Occasionally, the STG is further posterior than
where you cut into the artery and you will be required to cut open the
artery a little more to have uninhibited access to the STG. The crab
STG is fairly distinctive as it has two nerves projecting directly out of
the sides (the anterior lateral nerves, aln) and another that projects
posterior (the dorsal ventricular nerve, dvn) with a nearby junction
where two more nerves angle posterior and to either side (the median
ventricular nerves, mvn). The STG is also marked by a more opaque
spot at its center that is the neuropil, or meeting of all the incoming
neurons (Figure 2.51 A). Once you have identified the STG, use the
forceps to grab the stn just anterior of the STG and carefully pull it
towérds the anterior. Once there is a little tension on the STG, cut the
dvn, the mvns, the alhs, and finally the stn anterior to where you are

holding it (Figure 2.51 B and C). After doing this, the STG should be




12
free and you can move it to a clear area of the dish. As with other

organs, trim the projecting neurons, remove it from the saline, blot the
forceps and place it into the appropriate tube.

12.Now, if you were able to do all that, you have just carried out a
‘complete dissection of the brachyuran crab. Make sure to discard the
remaining stomach tissue, clean out the dish, and clean all the tools
you have used. As with the macrodissection, rinse and scrub

everything with water first, and then rinse with 70% EtOH. Also, make

sure that your tubes are chilled and that you place them in the freezer
as soon as possible. Once you have cleaned up, you are done with
dissection of the crab and can go about enjoying the rest of your day

(smelling like the insides of a crab, of course).

2.3.4 Dissection Conclusion

Overall, the dissection of the brachyuran crab is a fairly complex process
that takes many times to master. Throughout my graduate career, | have
probably dissected well over 1,000 crabs of varying species and only through this
have | become as proficient as | have in doing this. Still, though, | even have
trouble from time to time and continue to learn and hone my skills. Also, when
faced with the dissection of a crustacean that | do not have experience with, i.e.
the American lobster (Homarus americanus), | can do a great deal, but generally
have great difficulty completing the whole dissection as | am inexperienced in this

type of dissection. Dissection takes practice, that's all there is to it. So, keep
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practicing and trying new things to develop your own ways of dissection and

you will soon be able to perform these dissections quickly and efficiently.
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2.4 Figures
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Figure 2.1: Schematic of the artificial seawater tanks in the Li Lab at UW-
Madison, School of Pharmacy. The valves shown are labeled, both on the
schematic and on the valves. With the valves, when the handle is in line with the
piping, the valve is open (valves A, B, D, and E1), whereas when the valve
handle is perpendicular to the piping, the valve is closed (valve C). Note: To
work properly, the filter tank must be lower than the aquariums in order to allow

water to drain from the aquariums into the filter tank.




Water Quality

N Nrathitors Preferred Value Desired Range
Salinity 1.025 Specific gravity  1.020-1.030 Spg
pH 8.3 8.2-8.4
Alkalinity 2.5 meq/L 1.8-3.0 meg/L
Hardhess (Calcium) 400 ppm 350-450 ppm
Phosphate (PO4) 0 ppm 0-0.1 ppm
T?ﬁh’:‘mmﬁ?ia 0 ppm < 0.25 ppm
Nitrite (NO2) 0 ppm < 0.3 ppm
Nitrate (NO3’) - 0-0.25 ppm <5 ppm

Table 2.1: Table of Water quality parameters, the values sought after, and the
acceptable range for each. Note: Ppm and mg/L are roughly the same

measurement.




Figure 2.2: Materials needed for drawing hemolymph.
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Figure 2.3: Method of holding crab for drawing hemolymph.
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Figure 2.4: Prying the tail away from the crab’s body with a spatula.
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Figure 2.5: Insertion of the needle at the base of the crab’s tail for collecting

hemolymph.




Figure 2.6: Drawing hemolymph.
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Figure 2.7: Drawing hemolymph from the base of a leg.
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Figure 2.8: Materials needed for first portion of macrodissection.
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Figure 2.9: Diagram of C. borealis and the relative locations of all nervous
system and neurohemal organs.
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Figure 2.10: Remove claws and legs using side cutters at their base.

84



85

Figure 2.11: A. Use side cutters to crack away outer edge of the shell. B.

Crack and remove shell around the crab almost to the eyestalks.
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Figure 2.12: Separate hypodermis from the shell using rounded end of spatula.
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Figure 2.13: Shell should be cracked away as illustrated and hypodermis

separated all the way across crab.
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Figure 2.14: A. Twist and remove the outer mouthparts. B. Use a spatula to
pull away and remove more of the mouthparts. C. Finally, use the side cutters to

remove the last mouthparts over the lips.
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Figure 2.15: A. Crack the shell away from the front of the crab and around the
eyestalks. B. After cracking it loose, carefully lift the middle of the crab shell

away from the crab.
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Figure 2.16: Removal of the eyestalks for later SG removal.
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Figure 2.17: A. Use the spatula to separate the hypodermis from the lower shell.
B. Use the scissors against the inside front of the crab to cut tissue away. C. Cut
and scrape tissue away until a small bump on the inside of the shell and an arch

structure created by the shell are revealed.
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Figure 2.18: A. Cut the oesophagus free using the small scissors. B. Use the

side cutters to cut away the shell from above the oesophagus.
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Figure 2.19: A. Grasp the lips with the toothed forceps and cut at the base of
the oesophagus. B. Cut back, into crab, above ossicles, till you see the pylorus
(two whitish yellow balls). C. Cut the hypodermis along stomach. D. Cut behind

the stomach to remove it.
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Figure 2.20: A. Cut the oesophagus open straight back to the rear of the
stomach. B. Make two cuts on either side of the stomach angling back to the

rear corners of the stomach. C. Cut out all three teeth.
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Figure 2.21: Place the stomach section into a rubberized dissecting dish with

enough saline solution to cover it.
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Figure 2.22: Supplies for the second part of the macrodissection.
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Figure 2.23: A. Cut the shell on both sides of the midline. B. Remove the tissue

from both sides.
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Figure 2.24: A. Cut the connection between the cardial ridge and the upper

shell by (B) placing the scissors on either side of the cardial ridge and cutting.




Figure 2.25: Cut away the heart, being careful not to damage the inside of the

cardial ridges.
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Figure 2.26: A. Remove the tail. B. Use forceps to clean out the tissue between

the cardial ridges.
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Figure 2.27: Cut the cardial ridges away with the large scissors and place them

in saline.
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Figure 2.28: A. Cut the ossicles around the TG. B. Remove the ossicles with

forceps.
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Figure 2.29: A. The thoracic ganglia looks like a wagon wheel with ganglia
projecting out of it. B. Cut around the TG to free it. C. Grab it with clean

forceps and lift it out, cutting any remaining tissue as you do so.
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Figure 2.30: Make sure to place the stomach section, the eyestalk, and the

cardial ridges on ice or in the fridge.
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Figure 2.31: Materials needed for microdissection of SGs.
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Figure 2.32: Using the large spring scissors, cut open the eyestalks on both the

concave and convex sides.
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Figure 2.33: A. Using the sturdy, fine forceps, separate both sides of the

eyestalk. B. Watch for a bright, iridescent spot embedded in the tissue.
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Figure 2.34: A. Cut the tissue away from around the SG. B. Pull the tissue

through the scissors to better trim the SG. Circles indicate the SG.
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Figure 2.35: Materials needed for PO dissection.
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Figure 2.36: A. The outer side of the cardial ridge creates an edge that makes
dissection difficult. B. Using the small scissors cut away the outside edge of the
cardial ridge. C. Doing this creates a flat side on which to lay the cardial ridge in

the dissecting dish.
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Figure 2.37: Place pins in the ventral and dorsal sides of the cardial ridge,

making sure not to damage the PO.
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Figure 2.38: The PO can be identified as highly iridescent ganglia spanning the

inside of the cardial ridge.
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Figure 2.39: A. Start removing the POs by cutting out the junctions first. B.

Continue cutting out the PO by cutting alongside the commissures.
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Figure 2.40: Tools and materials needed for STNS microdissection.
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The Stomatogastric
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Figure 2.41: Schematic of the STI\TS. Refer to this during your dissection.

Image taken from Farzan Nadim’s Lab website at Rutgers University.

(http://cancer.rutgers.edu/stg_lab/protocols.htm)

CoG -- Commissural Ganglia OG -- Oesophageal Ganglia
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STG -- Stomatogastric Ganglia ACP -- Anterior Cardial Plexus
ion  -- inferior oesophageal nerve ivn  -- inferior ventricular nerve
son -- superior oesophageal nerve acn -- anterior cardial nefve
stn  -- stomatogastric nerve aln  -- anterior lateral nerve
dvn -- dorsal ventricular nerve mvn -- median ventricular nerve
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Figure 2.42: A. Pin the bottom of the stomach, pulling it slightly tight. B. Next,
pin the sides of the stomach, again slightly tight. C. Finally, pin either side of the

oesophagus, just below the lips.




Figure 2.43: The brain (circled) embedded in the tissue above the stomach.
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Figure 2.44: A. Follow the large commissure (circled) away from the brain
towards the lips. B. Identify the CoG and cut it free. C. Trim the commissures

from the CoG before placing it in the appropriate tube.
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Figure 2.45: A. Cut all the commissures leading to the brain. B. Free the brain

by cutting any connections between the brain and the tissue below.




121

Muscles g
N

Figure 2.46: A. Cut straight down towards the dish from where the brain was. B.

Watch for two muscles inside an artery running along the midline.
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Figure 2.47: A. Look down between the muscles for the stn (circled). B.
Carefully cut out the muscles. C. Continue cutting forward under the muscles,

making sure not to cut the sin.
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Figure 2.48: The forward (rostral) portion of the STNS showing the acn, son, ion,
ivn, and the OG. Note: A black piece of cardboard was placed behind the STNS

for better contrast.




Figure 2.49: Cut out the OG (circled) by grasping the ivn and cutting the

projecting commissures.
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Figure 2.50: Removal of the ACPs which are on the acns.
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Figure 2.51: A. STG with the neuropil and the projecting commissures. B. Cut

the mvns to begin removing the STG. C. Finally, cut the stn to remove the STG.
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Chapter Three

In situ Tissue Analysis of Neuropeptides by

MALDI FTMS In-Cell Accumulation

The coauthors and work for this chapter was completed in cooperation with

Kimberly K. Naber (Kutz) and Lingjun Li.
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3.1 Abstract

Herein we report the first application of Fourier transform mass
spectrometry (FTMS) for the analysis of neuropeptides directly from neuronal
tissues. Sample preparation protocols and instrumentation conditions are
developed to allow in situ neuropeptide analysis of the neuroendocrine organs
freshly isolated from a marine organism Cancer borealis. The utility of a
previously developed in-cell accumulation (ICA) technique is extended for
peptide analysis in complex tissue samples. With the ICA procedure, ion signals
from multiple laser shots are accumulated in the analyzer cell prior to detection.
This procedure allows the accumulation of ion signals without accumulating
noise, thus improving the signal-to-noise ratio and enhancing the sensitivity for
the detection of trace-level endogenous neuropeptides. De novo sequencing of
peptides directly from tissue samples becomes more feasible through this
improvement. Additionally, an integrated pulse sequence is constructed to cover
a wide mass range from m/z 215 — 9,000 by centering quadrupole collection of
ions at different masses for successive laser shots. Finally, improved mass
measurement accuracy (2 ppm) for tissue peptide analysis is achieved using ICA
by incorporating calibrants on a separate spot from the sample of interest without

premixing calibration standards with the analytes.
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3.2 Introduction

Neuropeptides, a class of important chemical messengers, are ubiquitous
in the nervous systems at all levels of organizations, ranging from hydrozoans to
humans. As the most diverse and complex groupvof signaling molecules,
neuropeptides induce and regulate many important physiological processes
throughout the animal kingdom'2. Knowledge of complete neuropeptide profiles
at the cellular and network levels is critical for a better understanding of
peptidergic signaling in a neuronal circuitry. Classical methods for peptide
identification often involve the use of immunocytochemical techniques® °. This
approach, while a powerful first step in determining the presence of
neuropeptides, suffers from limitations including cross-reactivity with structurally
similar peptides and the inability to analyze large numbers of peptides
simultaneously and to discern between structurally similar peptides.
Alternatively, one can pool tissues of interest from a large number of animals to
generate a tissue extract, followed by multiple steps of fractionation and
purification for conventional peptide sequencing, such as Edman degradation® .
This method, whiie well established and highly accurate, requires a large amount
of starting material and is very time-consuming. It is also difficult for the
discovery of low-abundance endogenous neuropeptides from complex tissue
samples.

Because of these analytical challenges and difficulties, biological mass
spectrometry has become the method of choice for neuropeptide analysis due to

its speed, high sensitivity, chemical specificity and capability for complex mixture
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812 |n particular, matrix-assisted laser desorption/ionization (MALDI)

analysis

time-of-flight mass spectrometry (TOF MS) has evolved as a viable tool for

13-20 21-24

peptide profiling directly from biological tissues'", single cells“™", and even
individual organelles?. Although a highly sensitive and rapid molecular weight
profiling technique, MALDI-TOF has limited mass measurement accuracy,
resolving power and lacks the capability to perform effective tandem mass
spectrometry experiments for peptide sequencing. Several other mass analyzers
such as quadrupole ion trap and TOF-TOF coupled with MALDI have been
reported for peptide structural analysis in biological samples®*?°.

Among various types of mass analyzers, Fourier transform mass
spectrometer (FTMS) offers several unique advantages including high mass
resolving power, high mass measurement accuracy (MMA), and multi-stage
MS/MS capabilities®®32. Furthermore, the ability to trap and store ions while
allowing additional ions to be introduced in the ion cyclotron resonance (ICR) cell
makes it possible to accumulate ions from multiple MALDI ionization events in
the FT ICR cell prior to detection. Such in-cell ion accumulation (ICA) methods
produce significant signal-to-noise improvement over the more commonly used
signal averaging methods. This improvement is due to the fact that ion signals
are accumulated over several laser shots without the accumulation of noise.

Variations of such ICA schemes have been reported for FTMS instruments

equipped with both internal and external MALDI sources®*°. Additionally, the

ICA pulse sequences provide flexibility to incorporate calibrant ions, desorbed
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from a separate sample spot, in the ICR cell to allow effective internal mass

calibration without premixing the calibrant and analyte®> ',
Although FTMS has become increasingly popular in the field of

proteomics®+’

, and the detection of seven ribosomal proteins from whole
bacteria cells by MALDI FTMS was recently reported”'s, the use of this high
performance MS technique for in situ analysis of trace-level endogenous
neuropeptides directly from some of the most complex samples — neuronal
tissues, Has not been investigated. As neuropeptides of interest generally fall in
the m/z 500 — 10,000 range, MALDI FTMS appears to be well-suited for the
detection of these peptides.

In the current study, we demonstrate the ljtility of MALDI FTMS in
conjunction with the ICA technique for neuropeptide analysis directly from
neuroendocrine tissue isolated from the model system Cancer borealis, or the
Jonah crab. Improved sample preparation methods have also been developed to
allow effective detection of neuropeptides by MALDI FTMS through
microextraction using acidified methanol. The mass accuracy and resolution
remain excellent for these unconventional samples as well as an enhancement of
sensitivity for low-abundance peptide detection being observed. We also report
the first example of de novo peptide sequencing directly from neuroendocrine
tissue using the ICA method with MALDI FTMS. Additionally, variation of ICA
pulse sequences to include internal calibrants (on a separate spot) significantly
improves MMA. This in turn, permits high confidence peptide identification in

complex neuronal samples. Finally, a broad-band ion accumulation and MS
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detection covering a wide mass range is accomplished by further modification

of the ICA pulse sequences.

3.3 Experimental Section
3.3.1 Animals and Dissection

Jonah crabs, Cancer borealis, were shipped from Marine Biological
Laboratories (Woods Hole, Massachusetts) and maintained without food in an
artificial seawater tank at 10-12 °C. Animals were cold-anesthetized by packing
in ice for 15-30 min prior to dissection. They were dissected by removing the
stomach section, eye stalks, and pericardial ridges located on either side of the
heart. The pericardial organs (PO) were removed from the pericardial ridges and
the sinus glands (SG) were removed from the eye stalks. The commissural
ganglion (CoG) and the stomatogastric ganglion (STG), containing the neuropil,
were removed from the stomach portion of the crab. The SG, STG, and CoG are
on the order of a few square millimeters. The PO is approximately 0.5 mm by
two to three cm in length. All dissection was carried out in chilled physiological
saline (composition in mM: NaCl, 440; KCl, 11; MgClz, 26; CaCly, 13; Trizma

base, 11; maleic acid, 5; pH 7.45).

3.3.2 Sample Preparation
Unless otherwise stated, tissue was briefly rinsed in acidified methanol

(90% methanol (Fisher Scientific), 9% glacial acetic acid (Fisher Scientific), and

1% deionized water), immediately following dissection. Tissue was then desalted
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in 10 mg/mL 2,5-dihydroxybenzoic acid (DHB) (ICN Biomedical Inc.)

prepared in deionized water. A spot containing 0.6 uL of saturated DHB (150
mg/mL in 50:50 water: purge trap grade methanol (Fisher Scientific), v/v), was
placed on one facet of the lonSpec MALDI sample probe. Before the DHB
crystallized fully, the tissue was placed carefully on the facet and an additional
0.6 uL drop of saturated DHB was placed on top of the tissue to help affix the
tissue to the target. The saturated DHB was then allowed to crystallize at room

temperature.

3.3.3 Instrumentation

MALDI experiments were performed on an lonSpec Fourier transform
mass spectrometer (Lake Forest, CA) equipped with a 7.0 Tesla actively-
shielded super conducting magnet. The FTMS instrument contains an external
ion source utilizing a quadrupole ion guide to transfer the ions to the ICR cell,
which is differentially pumped. The sample probe is a ten-faceted stainless steel
target. A 337 nm nitrogen laser (Laser Science, Inc., Franklin, MA) was used for

ionization/desorption. All mass spectra were collected in positive ion mode.

3.3.4 In Cell Accumulation (ICA)
The ICA method was written using lonSpec version 7.0 software. Several
types of ICA methods were used, the simplest being a pulse sequence where

each of the seven laser ionization/desorption events was optimized for a specific

mass for transport down the quadrupole. This method was used to increase the
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ion concentration and observe the ions present. The optimized mass used

most frequently for neuropeptide analysis was at m/z 1000. As shown in Figure
3.1, for every desorption/ionization event there was a corresponding quadrupole
radio frequency (RF) burst. The first event was at 70 ms, with subsequent
events exactly 1000 ms apart, each with a width of 50 ms. The frequency
corresponding to the transport of m/z 1000 down the quadrupole was 2165 kHz
and the base to peak amplitude was 378.675 V. There was an initial surface
preparation laser pulse at 0 ms with the duration of 1 ms and 50% laser intensity.
Following this there were seven laser pulses with the first at 100 ms and the rest
exactly 1000 ms apart, with 1 ms duration and 100% laser intensity. The MALDI
valve was ‘pulsed seven times; the first pulse occurred at 50 ms with a width of
250 ms, and the following six pulses were 1000 ms apart with the same duration.
The inner trapping rings were held at 0.5 V throughout the experiment but were
pulsed once to -9.0 V at -5 ms with a width of 5 ms. The filament trapping plate
was initialized tb 20 V, pulsed once at -5 ms for a duration of 1 ms to a voltage of
30 V, and ramped to 0 V at 12000 ms and a width of 1000 ms. The quadrupole
trapping plate was initialized to 20 V. A pulse of the quadrupole trapping plate to
-30 V at -5 ms with a width of 1 ms was used to quench the cell prior to
ionization/desorption. The second pulse was set to 0 V at 98 ms with a width of
2.599 ms, the width being mass specific. The following six pulses were set to 4
V and exactly 1000 ms apart with the same width. Following all the pulses, the

quadrupole trapping plate, along with the filament trapping plate, was ramped to

0 V at 12000 ms (just before detection) with a width of 1000 ms to reduce base
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line distortion of peaks. Electron energy was initialized to 2 V, and the left

and right source plates were initialized to 100 V. The extractor plate and the
quadrupole offset were initialized to -30 V and held constant throughout analysis.
lons were excited with a RF Sweep beginning at 13000 ms with a width of 2.900
ms, amplitude of 150 V base to peak, and mass range of m/z 100- 9000.
Detection was performed in broadband mode from m/z 108.000 to 2000.000,
starting at 13006.996 ms and acquiring for 1048.576 ms. There were 2097152
transient points collected with an analog to digital conversion (ADC) rate of 2

MHz and an ADC gain of one.

3.3.5 Full Mass Scan

The full mass scan was an ICA bulse sequence optimized for several
different masses combined into one pulse sequence containing seven total mass
dependent pulses. Two quadrupole RF pulses were used at m/z 1000, one pulse
at m/z 2500, two pulses at m/z 5000, and two pulses at m/z 8000. The
experimental setup was much the same as the m/z 1000 ICA program, with
minor changes to the quadrupole RF bursts, the quadrupole trapping plate, and
the detection event. The frequency and amplitude used for each mass of interest
for the quadrupole bursts were: m/z 1000 corresponding to 2165.000 kHz and

378.675 V:; m/z 2500 at 1031.000 kHz and 256.732 V; m/z 5000 corresponding to

1031.000 kHz and 376.732 V; m/z 8000 at 1031.000 kHz and 476.732 V. The
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quadrupole trapping plate pulse widths also depend on the mass of interest.

The widths used were: 2.599 ms for m/z 1000; 2.899 ms for m/z 2500; 3.215 ms
for m/z 5000; 3.511ms for m/z 8000. The detection event was modified by

changing the mass window covering m/z 215-12,000.

3.3.6 Internal Calibration on Adjacent Samples (InCAS)

INCAS experiments also employed gated trapping with pulsed gas cooling.
However, two separate pulse sequences were loaded sequentially as shown in
Figure 3.2. The first pulse sequence employed a single shot
ionization/desorption event centered at m/z 1000 to trap and store ions from
calibrant standards in the ICR cell. One notable difference is the filament
trapping plate and the quadrupole trapping plate were not ramped to 0 V, but
instead are maintained at 20 V to retain the ions in the ICR cell. Another
difference was the inclusion of “dummy” excitation and detection events wherein
the amplitude of ion excitation was set at 0 V, the detection transient points were
limited to 16384, and the mass window was 215.000 to 215.010. The second
pulse sequence was the same as the ICA sequence at m/z 1000 except that the
cell quenching events that normally take place at -5 ms were omitted. Since the
ions already in the cell were standards to be added to the analyte and were
desired in the following detection, these events were deleted. The procedure of
the experiment was to first load the ICR cell with calibrant ions using the single

shot pulse sequence and then rotate the target and perform a second ICA pulse

sequence which loaded the cell with analyte ions from the tissue samples prior to
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detection of the resulting mixture. The acquired spectra contained both the

calibrant ions and the analyte ions from the sample.

3.3.7 SORI-CID

Fragmentation of the peptides was accomplished by sustained off
resonance irradiation and collision induced dissociation (SORI-CID)*. As shown
in Figure 3.1 B, this was done by modifying the ICA pulse sequence to include
an arbitrary waveform to isolate the ion of interest, a SORI RF pulse for
excitation, and an additional MALDI valve pulse. Also, due to software
limitations, the seventh ionization/desorption event could not be included, leaving
a total of only six desorption/ionization events. Nitrogen gas was used to cool
the ions and dissociate the peptides. The SORI event (1000 ms in duration)
employed a frequency offset ranging from 1000 — 600 Hz and amplitudes of 4.0-
5.0 V (base to peak) depending on the desired level of fragmentation and the

energy needed to dissociate the peptide.

3.4 Results and Discussion

While peptide profiling directly from tissue samples and even single cells
has been demonstrated with MALDI-TOF MS previously?': °3, the extremely
complex peptide profiles observed in bundles of neuronal processes and

15; 54; 55

neurosecretory structures in these crustacean model systems suggest a

possible advantage of using FTMS-based instrumentation. The key features of
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using a high performance MALDI FTMS instrument compared to previous

work done on MALDI TOF instruments are several fold: (1) The high mass
measurement accuracy achievable with FTMS significantly increases the
confidence of peptide identification by molecular weight profiling; (2) The high
mass resolving power inherent to FTMS allows differentiation of peptides with
similar masses; and (3) The high quality MS/MS data allow confirmation of
putative neuropeptide identity and discovery of novel neuropeptides or sequence
tags by de novo sequencing.

Sample preparation often plays a crucial role in obtaining high quality
MALDI MS data from tissue samples. Improvement upon a previously
established sample preparation protocol results in enhanced signal quality, as
illustrated in Figure 3.3. Briefly, a piece of neurohemal tissue, pericardial organ
(PO), was dissected and cut in half. One half was rinsed briefly (2-3 seconds) in
acidified methanol while the other was not rinsed. Both PO sections were then
desalted in DHB matrix in an identical manner and mounted onto a MALDI
sample probe for analysis. As shown in Figure 3.3, the PO rinsed with acidified
methanol showed significant improvement of spectral quality and detection
enhancement of many low abundance ions, as compared to the PO prepared
with the conventional method. The expanded m/z 900-1300 region in Figure 3.3
B shows the detection of many of the ions not visible in Figure 3.3 A and an
enhanced signal-to-noise ratio compared to the ions seen in Figure 3.3 A. Most

notably is the detection of many high mass ions between m/z 4000 and 6000 that

are not detectable in the PO sample rinsed only in DHB. Rinsing solutions were
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tested and no significant peptide signal was observed (data not shown),

however; rinsing solutions are present in large excess and dilution effects may
mask any small amount of peptides lost from the tissue into the rinsing solutions.
The negative effect of the loss of a small amount of peptide in the rinsing solution
is out weighed by the improved spectral quality.

The improvement could be due to an enhanced protonation of peptides
resulting from the use of acetic acid in the methanol extraction solution, therefore
improving the ionization efficiency of the peptides. Alternatively, this
improvement could also be due to a more efficient micro-scale extraction of
peptides from the tissue samples, as the acidified methanol solution is commonly
used for peptide extraction and isolation from biological tissue samples for HPLC
separation®®. An important question to address is whether the extra peaks
observed after acidified methanol rinsing are due to a sample preparation artifact
or the improved detection of lower abundance ions. Specifically, one might
wonder if the extraneous peaks are the result of proteolytic cleavage or
breakdown products of peptides in the presence of acidified methanol. However,
the detection of higher mass ions that were not observed in regular DHB
preparation suggests the likelihood of a sample preparation artifact is low. To
further test this, a mixture of peptide standards was incubated in acidified
methanol for a prolonged period (two weeks) and then analyzed. No cleavage

products from these peptides were observed (data not shown). This suggests

that the improved detection of endogenous neuropeptides from tissue samples is
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not due to additional cleavage, but is a result of a more efficient

extraction/ionization.

It is important to note that reproducible tissue-specific peptide profiles
were obtained for several types of tissues examined. As shown in Figure 3.4,
distinct peptide patterns are displayed for three different types of tissues isolated
from the same species; (A) stomatogastric ganglion (STG) neuropil, (B)
commissural ganglion (CoG), and (C) pericardial organ (PO). The three different
neural tissue types were all analyzed under the same experimental conditions
consisting of a brief rinse in acidified nﬂethanol followed by desalting in DHB.
The instrumental parameters were set identically, with five acquisitions of an in-
cell accumulation centered at m/z 1000. As can be observed, the resulting
profiles are different in composition and relative abundance of the peptides
present, with each type of tissue giving a unique fingerprint, characteristic of that
specific organ. Several peptides were found in common in all three types of
tissues, while some were uniquely present in only one particular organ. The
resolving power (M/AM at FWHM) typical of these spectra ranged from 70,400
for the lower mass ions at m/z 599.510 to 30,300 for the higher mass ions at m/z
1474.702 due to a broadband acquisition covering a wide mass range from m/z
108-2000.

To further improve the sensitivity for detecting peptides present at much
lower concentrations and in smaller tissue pieces, we adapted the ICA technique

wherein ions were accumulated over multiple laser shots in the FT ICR cell prior

to detection. As depicted in Figure 3.1 A, for ICA experiments, instead of the
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front trapping plate being dropped to ground potential as is typically done, it

was only dropped from the gated trapping potential of 20 V to 4 V so that ions
trapped in previous MALDI events could not escape. With the MALDI pulse
valve open (pressure of ~1x10° Torr), the ions were collisionally cooled to the
center of the cell prior to the next gating event. This method allows accumulation
of ion signals without accumulating noise so that the signal-to-noise (S/N) ratio is
much improved provided that the space-charge limit of the total number of ions in
the ICR cell is not exceeded. Due to the limitation of lonSpec software no more
than 10 events are allowed in each pulse sequence. We devised a “cell-loading”
sequence modified from a previously published stitched sequence® (identical to
the one shown in Figure 3.1 A with the addition of a dummy excitation/detection
event). This was run multiple times depending on the number of laser shots
desired followed by loading the excitation/detection pulse sequence to acquire
the data.

Figure 3.5 compares spectra obtained from a small piece of PO tissue
using a single laser shot versus 18 laser shots. Significant improvement of S/N
is achieved with the 18-shot acquisition for ICA from the same sample. The
multi-shot experiment allows identification of more neuropeptides and detection
of additional isotopic clusters. While 194 peaks were observed in the single-shot
experiment, with five of these peaks being known neuropeptides, the 18-shot ICA

acquisition revealed 356 isotopic peaks with eight previously known peptides

(labeled with red dots in the figure).
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ICA is a very powerful tool in enhancing analyte signal. It works very

well in direct tissue analysis where the endogenous peptides are in limited
concentration. This technique has many advantages over signal averaging
methods. These benefits include the fact that the amount of ions (and analyte
signal) is increased while the electronic noise is not. This gain is furthered by a
reduction in acquisition time for the ICA method (since it is only one “scan”) over
the signal averaged spectra (comprised of multiple “scans”). In the signal
averaged spectra, electronic noise is present at the same frequency over the
time period of the multiple scans and is therefore additive. Additionally, ICA
increases the S/N linearly while signal averaging increase the S/N as a function
of the square root of the number of scans. Finally, signal averaging can lead to
peak broadening and/or peak splitting due to space-charge induced frequency
shifts that occur from acquisition to acquisition.

Using the ICA technique, improvement in signal is great enough that
MS/MS experiments can be performed on several relatively abundant peptides
directly from the tissue sample. Figure 3.6 shows an example of de novo
sequencing of m/z 1030 and 1104 from a PO tissue sample. In Figure 3.6 A, a
mass spectrum of multiple peptides present in the PO is shown. Using a stored
waveform inverse Fourier transform (SWIFT) waveform isolation®®, the ion of
interest at m/z 1030 was isolated (shown in the left inset of Figure 3.6 A). Note
the detection of a doubly and triply charged 1Q30 peptide at m/z 515.233 and m/z
343.893. This phenomenon can also be seen in the isolation of 1104 (right inset

of Figure 3.6 A). The SORI-CID fragmentation spectrum of the parent ion at m/z
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1030 is shown in the middle panel, Figure 3.6 B. Extensive fragmentation is

produced to allow the derivation of a sequence tag of FYSQRYamide, which
matched one of the recently sequenced novel RYamides in the PO from C.
borealis, pPEGFYSQRYamide'®. A short sequence tag was also acquired for a
recently characterized neuropeptide covering six of the nine amino acids in
GAHKNYLRFamide®, Figure 3.6 C. This was accomplished by signal averaging
ten ICA pulse sequences. This peptide is present at approximately ten percent
of the abundance of 1030.

In most cases, neuropeptide identification by MS/MS requires pooling
many tissues followed by extraction and fractionation to gain enough material to
reveal even a partial sequence. The fact that the signal can be enhanced
enough through ICA to allow MS/MS directly from neuronal tissue samples is
significant. Direct tissue MS/MS can allow a sequence tag to be determined for
database searching, if a database is available. Also, the sequence tag, in
combination with high accuracy mass measurement, can improve confidence in
the assignment of a known peptide.

Through the use of ICA the sensitivity and detection limit of FTMS can be
comparable to that of TOF. Developments in high pressure MALDI have
addressed the problems such as metastable fragmentation that plague vacuum
MALDI and limit sensitivity. Using external accumulation in a hexapole and high
pressure MALDI FTMS a detection limit of 300 zeptomoles has been reported

for phosphopeptide RRREEE (pS)EEEAA®. External trapping allows shorter

analysis time as ions can be collisionally cooled and fragmented in the hexapole
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and the ICR cell can be maintained at low vacuum though out the experiment

eliminating the time required for the ICR to be pumped down. However, matrix
and salt clusters are also accumulated in the hexapole and can lead to space-
charge interactions. In ICA these matrix and salt clusters can be selectively
ejected from the ICR cell before detection. ICA also allows MS" to be easily
performed.

While ICA can enhance ion signals dramatically, there is a possibility of
MMA degradation due to reaching the space-charge limit of 'the ICRcell. To
avoid this, space-charge induced frequency shifts can be corrected by means of
external calibration®" %2, Alternatively, internal calibration can be used to
eliminate space-charge induced frequency shifts between calibrant and analyte
spectra. In most types of mass spectrometry, internal calibration is commonly
performed by premixing known calibration standards with the analyte prior to
mass spectral analysis. With ICA and the decoupled nature of ionization and
detection processes in FTMS, it is possible to introduce calibrants from a
separate sample spot, followed by the accumulation of analyte ions in the ICR
cell prior to MS detection. Because the trapped ions are simultaneously
analyzed, any space-charge induced shifts or other drifts in the mass calibration
are effectively counteracted.

As outlined in Figure 3.2, two separate pulse sequences are designed.
The first, usually a single laser pulse, does not include the voltage ramp to zero
for the cell trapping plates, allowing the ions to remain in the cell. The second

pulse sequence does not include the initial ICR cell quench to remove the ions,
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but is an ICA pulse sequence in every other respect. Figure 3.7

demonstrates the utility of such an internal calibration on adjacent samples
(InCAS) method for neuropeptide mapping in the STG neuropil. A mixture of
three peptide standards each with concentrations of 10'6 M, including
FMRFamide (m/z 599.31280), substance P (m/z 1347.73597) and somatostatin
(m/z 1637.72448), was deposited on a separate spot from that containing the
STG neuropil. Substance P and somatostatin were used for calibration of the
direct tissue spectrum (both peaks were denoted with stars in Figure 3.7 A).
The standards were accumulated in the cell first with one laser shot followed by
five acquisitions of seven shots each from the tissue mounted on a separate
sample spot. Figure 3.7 A reveals a highly complex spectrum obtained from the
STG neuropil, with two calibrant ions labeled with stars. The two m/z expansion
regions (Figures 3.7 B and 3.7 C) highlight the detection of several known
peptides (labeled with red dots) used to evaluate the MMA. As summarized in
Table 1, an average mass measurement error was calculated for six known
neuropeptides found in the direct tissue spectrum. This method improved the
MMA from an average of 27.9 ppm to 5.7 ppm for calibration using only
substance P. Using both substance P and somatostatin improved the average
error to 2.04 ppm. A notable MMA of 0.1498 ppm was obtained for Cancef
borealis tachykinin-related peptide 1a (Cab TRP1a). These results were

comparable to that observed with one acquisition of the ICA, with a two standard

calibration using substance P and FMRFamide as calibrants. The average errors
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for the uncalibrated spectra were 24 ppm and 1.4 ppm for the spectra

calibrated with two calibrants, respectively (Table 1).

This method has the unique advantage of adding calibrants to a sample
without premixing, thus also allowing the flexibility to adjust the concentration of
calibrants in the cell by varying the number of laser shots prior to analyte
acquisition and detection. This is particularly useful for tissue sample analysis as
the tissue is heterogeneous and the peptide content can change from one
sample to another making the premixing of calibrants (in the right concentration)
with the tissue very difficult. This indirect addition allows the calibrants to sample
signal ratio to be adjusted through the number of desorption/ionization events
acquired to eliminate analyte suppression by the calibrants. As a result, very
little has to be known about the peptide profiles before an experiment begins.

For the best MMA the standards should not overlap any of the analyte peaks, but
be in the same mass range. Even if no information is available on the sample,
several calibrants or calibrant mixtures can be spotted prior to the experiment
and the best can be used for the resulting peptide profile. With MMA in the range
of 2 ppm, previously characterized neuropeptides can be unambiguously
identified even in a highly complex mixture of peptides as is typical for neuronal
tissue samples.

For profiling a complex mixture of peptides spanning a wide mass range in
tissue samples, MALDI FTMS is limited in its m/z window by the time-of-flight
effect®®°. This effect is particularly prominent in external source instruments, as

a time-of-flight mass separation of ions occurs during the transfer of ions into the
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magnetic field region which can result in mass discrimination in the collection

of ions in the analyzer. Consequently, only ions over a narrow mass range can
be captured. Several mass spectra must be acquired at different trapping times
optimized for a specific m/z range to compensate for this distortion to obtain a
complete profile of peptides present in a wide mass region. A number of

|35; 65; 66

solutions to this problem have been proposed including in-cell MALD and

shifted accumulation®# %% %4,

Using the flexibility of the ICA pulse sequence, an integrated pulse
sequence can be constructed to accumulate a varying number of MALDI events
optimized for a specific m/z range. By centering the quadrupole RF frequency
and amplitude and adjusting the time-of-flight duration set by the width of the
quadrupole trapping plate for different masses during each desorption/ionization
event, a full mass scan was developed to quickly survey the peptides present in
a sample. For the study of neuropeptides in crustaceans, two events were
optimized for m/z 1000, one for m/z 2500, two for m/z 5000, and two for m/z
8000. Only one RF pulse was optimized for m/z 2500 because in this range ions
are also able to be transmitted in to the ICR cell from the events optimized for
m/z 1000 and 5000. Also, ions in this range are more efficiently transported into
the ICR cell. This pulse sequence allows a mass range from m/z 215 to 9,000 to
be observed in a single acquisition. This can be seen in a full mass scan of a

sinus gland micro-dissected from C. borealis, Figure 3.8. High mass peaks are

readily observable at m/z 8513, middle mass peaks are detected with high

intensity at m/z around 3979 (including a number of peaks accounted for loss of
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neutrals), and examples of lower mass peaks include m/z 1474.74 (Ala'*-

orcokinin) and 844.51. Several electrical noise peaks (single spikes with no
isotopic distribution) are present in the spectra (labeled with stars). The resolving
power of mass spectral peaks in the range of m/z 3800-4015 is between 10,200
and 42,400, with the most intense peak (m/z 3979.632) displaying a resolving
power of 22,900. Remarkably, a resolving power of 10,200 was found for the
high mass peak at m/z 8513.

The full mass scan is very useful for an initial survey of the peptides found
in a sample. Although the ultra-high resolution and therefore high mass accuracy
are sacrificed to some extent when observing such a wide mass range, it
provides an effective means for high throughput screening. This is very useful
when analyzing a large number of HPLC fractions from a tissue extract, or
analyzing tissue directly for neuropeptides prior to more in-depth and directed

experiments such as MS/MS experiments.

3.5 Conclusions

We have demonstrated in this study the first application of MALDI FTMS
for neuropeptide identification and characterization directly from complex
neuronal tissue samples. Evidently, analytical performance is not compromised

due to the unconventional samples. The ability to store ions and increase their

concentration in the cell prior to detection through ICA offers a great deal of
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flexibility and versatility for in situ neuropeptide analysis. Several analytical

figures-of-merit provided by ICA for direct tissue analysis were evaluated. The
enhanced sensitivity for trace-level analytes due to the improved signal-to-noise
ratio obtained by multiple desorption/ionization events results in greatly improved
spectral quality and allows the detection of novel peptides. MS/MS experiments
directly from tissue samples have become feasible for lower abundance ions,
allowing significant sequence information to be obtained. Additionally, inclusion
of external standards as internal calibrants without premixing significantly
improves MMA to allow high confidence peptide identification from extremely
complex mixtures. Finally, ICA offers the flexibility to construct integrated pulse
sequences for MS detection covering a wide mass range. This permits high
throughput initial peptide screens for more in-depth and targeted experiments.
Collectively, ICA with MALDI FTMS provides a powerful alternative for
neuropeptide analysis in complex tissue samples where high mass resolving

power, high mass accuracy and high sensitivity are simultaneously required.
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3.7 Figures

Five Acquisitions

M+H]+
: [MeH]+ | [MeH]+ [M+H]+ [
e Calcd |Uncal. |PP™ | cal(1stq) | PP :f,al's()f i 08
Cab TRP1a ;
APSGFLGMRa 934.4933 934.5128 | 20.9204 934.4815 12.6593 934.4931 | 0.1498
NRNFLRFa 965.5433 965.5642 | 21.6251 965.5318 11.9104 965.5430 | 0.3314
orcokinin[1-12]
NFDEIDRSGFGF 1403.6232 | 1403.6664 | 30.7989 1403.6203 2.0162 1403.6180 | 3.7118
[Ala13]-orcokinin
NFDEIDRSGFGFA 1474.6603 | 1474.7096 | 33.4314 1474.6614 0.7324 1474.6557 | 3.1126
[Val13]-orcokinin
NFDEIDRSGFGFV 1502.6916 | 1502.7421 | 33.6263 1502.6930 0.9649 1502.6860 | 3.7266
FDAFTTGFGHS 1186.5169 | 1186.5490 | 27.0793 1186.5097 6.0935 1186.5155 | 1.2136
Average Error ' 27.9136 5.7294 2.0410
One Acquisition
[M+H]+
: M+H]+ [M+H]+ [M+H]+
Peptide [ i Ppm ppm Cal (2 ppm
Calc'd Uncal. Cal. (1 Std) Std(F+P))
Cab TRP1a
APSGFLGMRa 934.4933 934.5094 | 17.2179 934.4852 8.6036 934.4930 | 0.3531
NRNFLRFa 965.5433 965.5611 | 18.3834 965.5362 7.3844 965.5436 | 0.2589
orcokinin[1-12]
NFDEIDRSGFGF 1403.6232 | 1403.6585 | 25.1991 1403.6234 0.1425 1403.6218 | 0.9760
[Ala13]-orcokinin
NFDEIDRSGFGFA 1474.6603 | 1474.7060 | 30.9766 1474.6692 6.0353 1474.6654 | 3.4991
[Val13]-orcokinin
NFDEIDRSGFGFV 1502.6916 | 1502.7368 | 30.0927 1502.6994 5.1973 1502.6947 | 2.1029
FDAFTTGFGHS 1186.5169 | 1186.5449 | 23.5648 1186.5147 1.8457 1186.5185 | 1.3738
Average Error 24.2391 4.8681 1.4273

Table 3.1: Mass Measurement Accuracy for Peptide Identification in C.

borealis STG Neuropil using INCAS Method

1 Std Calibrant is Substance P

P = Substance P

S = Somatostatin

F = FMRFamide

35 shots for five acquisitions and 7 shots for one acquisition

i
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Figure 3.1: Examples of pulse sequence used for (A) multi-shot in-cell

accumulation (ICA) experiment and (B) MS/MS (SORI-CID) experiment in

conjunction with ICA.
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Figure 3.2: Schematic of pulse sequences for INCAS experiment. (A) Single-
shot calibrant ion loading pulse sequence. Note the inclusion of “dummy”

excitation and detection events. (B) Multi-shot analyte ion loading sequence,

i note the absence of initial quench pulses on trapping plates.
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Figure 3.3: Effects of sample preparation on MALDI FTMS of pericardial organs
(PO) from Cancer borealis. (A) PO section rinsed with DHB only. (B) PO

section rinsed with acidified methanol followed by DHB rinsing. Insets show

corresponding m/z expansion region.
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Figure 3.4: MALDI FTMS spectra of neuronal tissue samples isolated from (A)
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and (C) the pericardial organ (PO) in C. borealis. All spectra were acquired using

ICA optimized for m/z 1000.
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Figure 3.5: Direct tissue peptide profiling of C. borealis pericardial organs by
MALDI FTMS showing the S/N improvement by multi-shot acquisition for ICA.
The peaks labeled with red dots are identified peptides. (A) Single-shot
acquisition, with the detection of 194 isotopic peaks and 5 previously known
peptides. (B) 18-shot acquisition, with the detection of 356 peaks and 8
previously known peptides. CCAP is crustacean cardioactive peptide. RPCH is

red pigment concentrating hormone.




e

A
% g
g g
g g § 8
$. .8 5
= et e ol e e = o
~
5
% g 8
3 | @
i i
T e T S N S S T e A T
280 S00 750 18500 1750 2000
M-.-/cr.-ru. msz)
b
% 7
B [M+H]* = 1030.474 m/z
b e T S B By B
1120 1691 318.2 476.2 566.3 694.3 850.4 1013.5
quG{F{Y{S{Q{R][YlNHZ
9710.4 862.4 715.4 552.3 465.3 337.2 1811
Yy Y& ¥s Ya Ya Y2 Y1
% [M-H,O+H]*
B &
g Qys éh H20 be-H,0 g
y2-NH3 G > b7-Hz0| e
§ Elh Flemo
b =18 &|Zb 4
ey g gg g§§5 g ay] §§ [M+H]
' So Y2 |y 8 PR gy |V &
N 5 .8 |3ki|3 e ol oM
HEEHC R 0
b £
ST W W A - A 1
llIlilllli|IIIIIIIl;Illl%JlllilIllillllillllilIIII
200 300 400 500 600 700 800 200 1000 1100
c Mass/Charge (m/z)
[M+H]‘ = 1104.606 m/z 3
5P
s 1291 2961 3942 5083 s713 7544 0ads 1oa7s 5
GlAJH{K{N]Y}L{R}{FLNH, | i B
10476 §766 85 TIT4 T3 443 T2 1A = 3
A -] >
s g
Ys-NH3
©
~ bg-NHls 3
o
A Va Gys-NHy vs gl 8 3
g e g ] IRl ey S g
3 @ 8 = P g §§ e
TR & 2 - 9 J l
;J#l.l MR e B s s L B P
1Ll .

¢S TN G T 7 Vel S i M O U T S IO G 1 N ) L S O T S © o s W ol O 1 D e LR N Yo Tl W W e
1 | T I T I I 1

T
200 300 400 500 600 700 800 900 1000 1100 1200
Mass/Charge (m/z)

Figure 3.6: In situ MALDI FTMS characterization of m/z 1030.5 and 1104.6 from
the PO in C. borealis. (A) MALDI FTMS peptide profile of PO, with 1030 and
1104 peaks labeled with a star. (Insets) Isolation of 1030 and 1104 peptides
using SWIFT. (B) SORI-CID fragmentation spectrum of [M+H]* at m/z 1030.5,
with b/y ions and internal fragment ions labeled. The derived amino acid
sequence is shown above the spectrum. (C) SORI-CID fragmentation spectrum

of [M+H]" at m/z 1104.6, with b/y ions labeled. This peak is present at ten

percent the abundance of m/z 1030.
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Figure 3.7: InCAS of the STG neuropil with substance P and somatostatin
added as calibrants. (A) /n situ MALDI FTMS spectrum of the STG neuropil, with
calibrant peaké labeled with stars. Expansions of m/z 900-980 (B) and m/z
1150-1550 (C) show the known peptides used for mass measurement adcuracy

calculations. Known peptides are highlighted with red dots.
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Figure 3.8: In situ MALDI FTMS spectrum of sinus gland from C. borealis using
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4000 with a resolving power of 22,900 for [M+H]" ion at m/z 3979.632. Noise

peaks are noted with stars.
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Chapter Four

‘Bioinformatics Software Development

This work was performed in collaboration with Sean Mcllwain and David Page of
the UW-Madison Department of Biostatistics. Sean in particular spent many
hours with me explaining how various bioinformatics processes worked as well
as rewriting the bioinformatics program we developed every time | had an idea
for some change that should be made. Also, Lingjun Li has been key in

- performing this work as she has helped guide me and thus the program and all

that we eventually did with it.
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4.1 Introduction

As is outlined many times in this thesis, there is a current need for more
peptidomic information both from multiple tissue types within individual species
(see Chapter 6), as well as across a variety of species (see Chapter 5).
Furthermore, biomarker identification is another area of research that has
become very popular within the last several years (see chapter 7). A common
theme of these two areas of research is the extensive use of mass spectrometry
to perform the analysis and the need to manage and process large datasets
acquired during this research.

For peptidomic work, many varying organs, or a variety of species must be
analyzed in order to make meaningful conclusions. Furthermore, for the best
possible analysis this means extracting each sample and then separating using
HPLC. By doing this, the extract is simplified and more peptides can be
resolved and observed as those with lower abundances are no longer
suppressed by higher abundance peptides. Through this process, though, a
huge amount of data is produced as it is necessary to analyze every fraction. In
some cases each fraction will need to be analyzed multiple times depending on
the instrument and the information to be gained. In all, this process of exhaustive
peptidomic analysis can quickly create thousands of samples, making data
analysis a daunting task.

On the other hand, for biomarker investigations, it is vital to provide
statistical relevance for any conclusions to be recognized in the scientific

community. To produce the statistical numbers necessary for this, the larger the
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data set, the better. Thus, even if small numbers of animals are used for an

infection trial, the samples obtained need to be analyzed multiple times in order
to increase the statistical relevance of such a study. Through this method, a
sizeable amount of data is created that must also be processed in order to make
any meaningful conclusions.

Thus, we must turn to computers and their software to manage this
problem.. Through the use of appropriate software, we can knowledgeably
combine the data into an amount that is manageable and compare and contrast
data sets to highlight similarities and differences for comparative peptidomics and
biomarker research. Additionally, for biomarker research we can take these
varying features and use them to make predictions about the infection status of

individual samples.

4.2 Original Aims and Current Uses of Software Package

Through the progression of my graduate career, | have been integral in
the development of a bioinformatics software package named SpecPlot. This
work was done together with Sean Mcllwain of the UW-Madison Department of ‘
Computer Sciences. This custom-designed software package has many unique
features unique and make it one thing that | am rather proud of resulting from my
gr_aduate career.

Originally, this program stemmed from some of the needs we were
realizing as we worked on the prion biomarker identification research (see

Chapter 7). For this research there was a need to create statistically relevant
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conclusions. Because of the small number of samples, to increase the

number of samples in a more virtual manner, we spotted each sample thrée
times and then analyzed each spot three times, thus creating nine spectra for
each sample. Afterward collecting the data, each spectra was used as an
individual sample for contrast to samples of the opposite infection status in order
to identify any classifying features. To simplify this method, there were several
operations we needed to perform on the spectra in order to completely process
them.

Firstly, because isotopic peaks are not essential to biomarker discovery,
and often complicate matters, we wanted to remove the isotopic peaks and use
only the monoisotopic masses for feature identification. Thus, deisotoping was
the very first procedure written. One complicating factor is that the most intense
isotopic peak is not always the monoisotopic mass. Another factor is when
isotopic distributions overlap. When this happens, identifying both monoisotopic
masses can be difficult. As a result of all these issues, the deisotoping module
has been evolving throughout the software development. This module, even
though changing often, was used for both the biomarker research and the
comparative peptidomics research. Additionally, by utilizing the fact that
electronic noise does not have isotopic distribution, we added a feature to the
deisotoping module which also removes electronic noise (see Figure 5.6).

After developing a method for deisotoping the peak lists, we found it

necessary to visualize the mass spectral data in some way. Furthermore, while

there are several commercially available bioinformatics software packages, all of
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them were rather expensive and none of them would accept the data format

we were producing from the lonSpec© MALDI-FTMS software that we were
using. Thus, SpecPlot was born as a way to not only visualize the data (see
Figure 7.4), but also to provide us with the platform to carry out the statistically
relevant operations necessary for our research. The SpecPlot software was
programmed such that for each necessary operation a “module” was created.
This allowed us the flexibility of modifying certain portions of modules while
retaining others for use in the future. Through this process, SpecPlot has
developed into a novel and informative method of representing data and provides
great flexibility and usefulness for bioinformatics research when using
instruments that are not supported by other commercial software.

Another module that was designed allowed us to contrast two classes of
different data, which was useful to identify differences between infected and
uninfected spectra (thus identifying classifying features, see Chapter 7). These
differences are the biomarkers and can be used as classifying features that we
eventually use td train learning algorithms and make infectivity predictions (see
Chapter 7 and Figure 7.5). Due to the features produced, this module became
one of the most important modules in SpecPlot.

Furthermore, by identifying similarities and differences in the peptidomes
of related but different samples, conclusions can be made regarding peptide
family evolution (when comparing related species, see Chapter 5), as well as
possibly providing some information regarding peptide function (when comparing

organs from the same species, see Chapter 6). Although the module for
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identifying differences between samples was useful for the identification of

classifying features (biomarkers) we needed a way to identify peptides that were
present in the multispecies peptide data. To do this, we were required to alter
the feature identification module to compare to a theoretical list of known
crustacean peptides instead of contrast, and thus considered this a
PeakMatching module instead. By using this module, we were able to quickly
make peptide identifications in all species’ thoracic ganglia extract samples
simultaneously and therefore draw conclusions from a large dataset in a much
shorter time-scale (see Figure 5.9 and Figure 6.6). Overall, these Feature
Identification and PeakMatching modules have been some of the most useful
modules of the SpecPlot software.

Another challenge that we encountered when performing our comparative
peptidomic research was the fact that we not only had 70 fractions for each
species we studied, but to detect the full range of possible peptide masses in
each fraction, we analyzed each fraction three times in three varying mass
ranges (see Chapter 5). Even though we had three spectra for each fraction, we
needed a way to merge the peak lists from each of these fractions into one peak
 list for each fraction. Furthermore, once we had the peak lists for each fraction,
we use‘d SpecPlot to visualize them, identified the fractions with meaningful data
in them, and then used the same module to merge these fractions into one all
inclusive peak list indicative of all of the detected peptides for a particular sample

(see Figure 5.7). The same module was also used to combine all the peak lists

from each fraction from the organ samples that were analyzed (see Chapter 6).




176
Because of its ability to simplify and reduce the size of data sets while still

retaining all the important information, this module has been used extensively for
a great deal of the comparative peptidomics research.

An additional simpler module that was created was one that allows the
user to reduce the peak list size by cutting it at certain high and low values.
While this may seem trivial, it was necessary in many cases as it allowed us to
reduce the size of the peak list as well as remove data that was not necessary to
our research. This is especially useful when using an instrument such as a time-
of-flight instrument that produces a great deal of low mass noise that can be
discarded as it is not only useless, but can at times make data analysis more
complicated than is necessary.

Although SpecPlot has many other modules that do an assortment of
operations, another helpful one that | helped design is a module that aligns the
spectra either to each other or to a set of known calibration peaks. While
software for instruments will often externally calibrate spectra, these calibrations
often are not accurate and can also often cause variations in how the masses are
adjusted. This means that some peaks (while technically the same peaks) will
appear in two spectra at slightly different masses. To adjusf for this, it is possible
to align the peak lists so that they are much closer to their actual mass than the
peak lists directly from the instrumentation software. As mentioned, when
creating peak lists, you may or may not have known masses to calibrate on.

Additionally, there are times when you have not included calibrants but are able

to use known peaks that are already present in the peak lists. By aligning to




177
these peaks, one is able to increase the mass measurement accuracy

greatly. Unfortunately, not all peak lists contain known peaks with which
calibration can be made. Although not as good as having known peaks, it is
possible to align the peak lists with each other so at least all peak lists have
consistent masses between them. There are different methods by which this
method of alignment or calibration is carried out, but the main goal of all the
methods is to increase the mass measurement accuracy and/or to line up all
peak lists with each other for future comparison to the theoretical list of known

peptides.

4.3 Operation of Modules

As stated above, SpecPlot has many modules that are necessary for the
processing of large data sets. There are modules that are based in the same
basic principle, but the majority of the modules each have a different method of
operation. In this section, | have highlighted how each of the modules mentioned

above works in a simpler, more understandable manner.

Peak List Visualization

Although it may seem rather simple, visualization of the peak lists is one
factor that we had to decide on when designing this software. For display
purposes and because we were only working with the peak lists and not the

complete spectra, we decided to display peaks as lines. For this display, each

peak list was stacked and its identity was indicated on the left and the m/z scale
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indicated along the bottom. While intensity of the peaks has never been

used as factor in identifying classifying features or making peptide identifications,
it was displayed using different colors to indicate how intense a peak was, blue
being least intense, green a medium intensity, and red a high intensity.
Furthermore, knowing what SpecPlot would be used for, each peak was
converted to a feature vector that could later be manipulated by thé software. By
doing this, we were able to display multiple spectra individually and still retain the

information for each peak necessary to carrying out further manipulations.

Deisotoping

To deisotope each peak list, we perform simple 3C deisotoping. For this
process, the spectra are analyzed for peaks that are distributed m/z 1.0078
apart, with a user entered value of error allowed. We also require that the
distribution of peaks contain only one local maximum per group of isotopic peaks.
The isotopes are then collapsed into one peak, taking the m/z value from the
peak that has the minimum m/z value, i.e. the monoisotopic peak. Additionally,
to remove peaks due to electronic noise, we remove all peaks that do not have a

corresponding isotopic distribution.

Merging Peak Lists
The merging of peak lists may seem a simple operation, but due to run to
run variations in the data, merging peak lists can be a complicated procedure

(obviously simplified for us by the use of the software). The purpose of this
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module is to collapse redundant peak lists (such as overlapping m/z ranges)

from the same sample into one cohesive peak list. Obviously, there is some
error that must be allowed, and this value is entered by the user. Depending on
the instrument and calibration methods used, it is often necessary for the user to
try a range of error tolerances. If the value is too small, SpecPlot will not
combine data that should be combined, and if the value is too large erroneous
peak combinations may occur. Thus, it is a process of trial and error while
observing the effect of different error values on a known peak that is present in a
majority of the peak lists. We accomplish this peak merging using hierarchical
clustering upon the m/z values across different peak lists using an algorithm
similar to Tibshirani et al, 2004 (see Chapter 5 and Figure 5.3). The algorithm
assures that each cluster midpoint is no more than +/- the error ppm from the
midpoint of another cluster. For this application, the groups identified by the
hierarchical clustering algorithm for the spectra to be compressed are then
merged into one peak list with peak values assigned by taking the m/z value for
the peak with the greatest intensity out of the spectra. We then generate a peak
list using the midpoints of the clusters as the new m/z value and the most intense
peak within the cluster as the new intensity value. Because this module allows

- us to reduce the amounf of data we have to deal with, it is one of the most useful

modules and has applications to all large data sets.
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Peak List Alignment and Calibration

When using any mass spectrometry instrumentation, there will be some
run to run variations, no matter how well the instrument is tuned. Unless every
spectrum is internally mass calibrated, there will be slight variations in the
masses from one run to the next. For this reason, it is necessary to have an
alignment module that can line up peaks from spectrum to spectrum. To perform
this alignment, a theoretical peak list of alignment peaks is created of m/z values
for peptides that were found in a majority of the species peak lists. Given a list of
alignment peaks and an error window (either daltons or ppm), the algorithm we
use searches for these peaks within each of the species’ peak lists. The search
then finds the most intense peak within each alignment peak window. Using the
list of found peaks, a least-squares linear fit is performed to derive the constants
for the correction equation (Corrected = A + Bx(Original) where A is the absolute
m/z shift and B is the change in scale as the m/z changes). The corrected value
for one peak's m/z value is calculated using the linear equation from the peak's
original m/z value. The algorithm calculates the values of A and B for each
spectrum, then corrects the m/z 'valuesl of the peaks within that spectrum using
the linear equation. If no alignment peaks are found, the spectrum is left
untouched. If only one alignment peak is found, B is set to one and A is the m/z
delta between the original and alignment peak. By utilizing this module, we can
somewhat improve the mass measurement accuracy of a large number of peak
lists, even those that are made up of data that has been merged together from

more than one peak list. If used in the right situation, this increase in mass
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measurement accuracy can enhance the ability of SpecPlot to make accurate

peptide identifications.

Peak Matching

Once composite peak lists for each sample have been created and they
have all been aligned we can begin comparing the data and identifying known
peptides. This is done by first entering a list of m/z values for any known
peptides we are interested in finding. By entering a +/- ppm value, a window is
created, with the known peptide m/z values at the midpoints. The samples’ peak
lists are then compared to these windows and if a peak exists within the
windows, identification is indicated by a blue square in the resulting heat map,
whereas a black square results from no identification being made. By doing this,
we can indicate which peptide m/z peaks are present within each species'
composite mass spectrum. While this is a simple process, this module makes it
possible for us to identify the presence or absence of a list of known peptides in a
large data set. This could be performed by hand, but through the use of
SpecPlot, we are able to perforrh it in a matter of seconds as well as removing

any human error that might be otherwise introduced.

4.4 Conclusions
Bioinformatics, in combination with mass spectrometry, has played an

important role in my graduate research. Since mass spectrometry can quickly
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produce large data sets, there is a need for bioinformatics to process that -

data and make necessary conclusions. This bioinformatics approach is also
necessary when performing such research as biomarker identification,
comparative peptidomics, and much more. While there are a number of
bioinformatics software suites commercially available, none of them were able to
fit our needs of accepting spectral information from our unique instrument, being
flexible in all ways, and being cost effective. Overall, the process of deveioping
SpecPlot has taught me a great deal about higher level statistics, bioinformatics,

and how extensively computers can be utilized in the processing of large data

sets.
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Chapter Five

Combining MALDI-FTMS and Bioinformatics for Rapid Peptidomic

Comparisons

The coauthors for this chapter are Sean Mcllwain and David Page of the
University of Wisconsin-Madison Department of Biostatistics and Medical
Informatics, Andrew Christie of both the Uni\)ersity of Washington Department of
Biologyland Mount Desert Island Biological Laboratory in Salisbury Cove, Maine;

and Mingming Ma and Lingjun Li of the University of Wisconsin-Madison School

of Pharmacy.
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5.1 Abstract

Increasing research efforts in large-scale analyses of peptides and
proteins have led to many advances in technology and method development for
collecting data and improving the quality of data. However, the resultant large
datasets often pose significant challenges that require effective handling and
processing these large datasets and extracting useful information in a high
throughput manner. We describe one such method whereby we performed
peptidomic analyses of nervous tissue extracts from several decapod crustacean
species using high performance liquid chromatography (HPLC) fractionation off-
line coupled to high resolution matrix-assisted laser desorption/ionization Fourier
transform mass spectrometry (MALDI-FTMS). Following data acquisition, the
data collected from discrete LC fractions was compiled and analyzed using an in-
house developed software package that deisotoped, compressed, calibrated, and
matched peaks to a list of known crustacean neuropeptides. By processiﬁg
these data via bioinformatics tools such as hierarchical clustering we report the
first set of peptidomic studies on these crustacean species to date. More than
110 neuropeptides that belong to 14 peptide families were mapped in five
crustacean species. Overall, we demonstrate the utility of MALDI-FTMS in
combination with a bioinformatics software package for the elucidation and
comparison of peptidomes of varying crustacean species. This study established
an effective methodology and will provide the basis for future investigations into

more comprehensive comparative peptidomics with larger collection of species
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and phyla in order to gain a deeper understanding of the evolution and

diversification of peptide families through speciation.

5.2 Introduction

Peptidomics and the identification of novel peptides from a variety of
species has become an intensive research focus due to the importance of
neuropeptides as signaling molecules and the rapid development of mass
spectrometry (MS)-based tools and methodologies to identify these intriguing
molecules.”® Mass spectrometry excels as one of the most informative methods
for neuropeptide analysis as it enables sensitive identification of multiple
peptides/proteins simultaneously, can provide sequence information via gas-
phase fragmentation, and can do this on complex biological samples in a high
throughput manner.® ° |n addition, the coupling of MS with various separation
techniques offers expanded dynamic range and enhanced capability for complex
mixture analysis.” '"?* The attribute of MS in generating a large amount of data
in a short period of time also poses a great demand for an effective means of
data analysis to extract pertinent information out of the large datasets that are
acquired. To counter this problem, there are bioinformatics software programs
that aim at simplifying this data into manageable information.?'?* Although these
software programs are valuable tools, several limitations include high cost, their
inability to accept many forms of MS data, and the inflexibility of many of the data

processing variables. To address some of these limitations, we developed an in-

house written software program, SpecPlot, to facilitate the processing and
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analysis of huge datasets that MS can now produce. The advantages of our

program are such that almost all MS data formats can be input and analyzed, as
well as a number of variables thét can be adjusted to better reflect the similarities
and differences between samples and the data obtained from them.

In addition to peptide identification, it is often of significant interest in
comparing and understanding the peptide/protein content similarities and
differences between species, individuals, or tissue types. By determining the
peptide/proteins content in each sample, and how they are similar and different
from each other, insight into the function of such peptides/proteins can be
derived. From a broader standpoint, it may be more useful to highlight the
groups of peptides, or peptide families when making such comparisons. By
examining peptide isoforms within peptide families in a specific species or across
multiple related species, significant insight can be gained about function and
evolution of a peptide family.?>3' Obviously, this type of research produces large
amounts of data that must be processed and analyzed before conclusions can be

~made. The bioinformatics processing program we describe in this report
provides an attractive alternative as it has been designed to handle large
datasets, as well as compare and contrast them to each other without introducing
a great deal of human error.

For this report, we have used matrix assisted laser desorption/ionization -
Fourier transform mass spectrometry (MALDI-FTMS) to obtain data both directly
from tissues and HPLC fractions resulting from crude extracts of thoracic ganglia

of several crustacean species originated from the Puget Sound and San Juan
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Archipelago region of Washington State. Crustaceans provide excellent

model systems for the study of neuroendocrine regulation and neuromodulation
of behavior, with many recent studies focusing on the determination of their
neuropeptide contents.*>3° The following crustacean species were used in this
study: Cancer productus (the red rock crab), Hyas lyratus (the Pacific lyre crab),
Oregonia gracilis (the graceful decorator crab), Hemigrapsus nudus (the purple
shore crab), and Telmessus cheiragonus (the helmet crab) (Figure 5.1). These
species are all decapod crustaceans from the brachyuran family of crabs (Figure
5.2). From each species, the thoracic ganglia were collected and analyzed as
these organs are integral to the central nervous system with rich peptide content.
Furthermore, these organs are well conserved morphologically from species to
species.*

Once the organs of interest were isolated, pooled, and extracted, HPLC
fractionation of crude extracts followed by high resolution MALDI FTMS
screening of individual LC fractions from each species were performed. We then
processed and analyzed the data using bioinformatics in the form of an in-house
written program that addresses some of the current limitations of commercial
software. By using this method, we demonstrate the processing of hundreds of
mass spectra from several different extracts, how they can be quickly analyzed
through comparison and, how new peptides can be identified while performing

this method. Overall, the flexibility and speed of this method make it an

appealing approach to compare and contrast peptidomes from multiple species.
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5.3 Methods

Species and tissue collection

All animals were collected by hand and were then maintained in flow
through seawater tables at 12 °C until being dissected. Thoracic ganglia were
removed from each species and immediately placed into acidified methanol
(90:9:1, MeOH : glacial acetic acid : deionized H,0). Samples from each species
were combined and stored in microcentrifuge tubes. These tubes were then

stored in a -80 °C freezer until peptide extraction.*’

Peptide Extraction and HPLC Separation

Microcentrifuge tubes containing thoracic ganglia (TG) were remdved from
a -80 °C freezer and immediately placed on ice for peptide extraction. Fifteen
thoracic ganglia were then removed from the tube and placed into a 1 ml tissue
grinder (Wheaton, Inc.) along with ~500 ,ui acidified methanol. The tissue was
then ground until no apparent large particles remained and all tissue was
suspended. The acidified methanol with the suspended tissue was then
removed from the tissue grinder and placed into a new microcentrifuge tube.
The extract was then centrifuged at 16,100 rcf for 10 minutes on an Eppendorf
5415 D microcentrifuge (Brinkmann Instruments Inc., Westbury, NY). After
centrifugation, the supernatant was removed and placed into another new
microcentrifuge tube. Following this, another 500 ul of acidified methanol was

used to rinse the tissue grinder after which the acidified methanol was transferred

to the tube with the original pellet. The pellet was then resuspended,
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reextracted, centrifuged again and the supernatant was removed and added

to the original supernatant. This process was repeated again producing a final
volume of ~1.5 ml of extract supernatant. The pellet was retained and stored in a
-80 °C freezer. The 1.5 ml of supernatant was then concentrated using a Savant
SC 110 Speed-Vac concentrator (Thermo Electron Corporation, West Palm
Beach, FL). The extract was then resuspended with ~50 ul of ddH,O with 0.1%
formic acid (Sigma Aldrich) and vigorous vortexing.

After resuspension, extracts were ready for HPLC separation. For HPLC
separation, a 20 ul injection loop was used. The column used was a2.1 mm |.D.,
250 mm long, C18 column (Alltech, InC.) with a guard column on a Rainin
Dynamax HPLC éystem (Rainin Instrument Inc., Woburn, Massachusetts, USA)
equipped with a Dynamax UV-D |l absorbance detector. Mobile phases used
were A: dH,O w/ 0.1% formic acid and B: acetonitrile (HPLC grade) w/ 0.1%
formic acid. The gradient used was 5-60% B from 0-100 minutes, 60-95% B
from 100-110 minutes, and 95% B from 110-120 minutes with a flow rate of 0.2
ml/min. Fractions were collected every two minutes with a Rainin Dynamax FC-4
fraction collector producing 60, 400 ul fractions. Fractions were then
concentrated to dryness with the speed-vac. Each fraction was then

resuspended with 20 ul ddH20 w/ 0.1% formic acid.

Chemical Derivatization of HPLC Fractions
To confirm the sequence of the new peptide at m/z 1256 in H. lyratus, several

chemical labeling methods were performed. The formaldehyde labeling was
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carried out by spotting 0.3 L of the appropriate H. lyratus HPLC fraction on

the MALDI plate, followed by the addition and mixing of 0.3 uL of 26 mM
NaBH3CN (Sigma-Aldrich, St. Louis, MO), and subsequent addition of 0.3 uL of
formaldehyde (20% in H2O vol/vol, Sigma-Aldrich). The droplet was then allowed
to react at room temperature (25 °C) for five minutes and then quenched by the
addition of 0.3 yL of 50 mM ammonium bicarbonate solution.*® To methylate the
appropriate H. lyratus TG fraction, 5 yL was dried down in a speed-vac (Savant,
Inc.) followed by the addition of 50 uL of methanolic HCI. The methylation
reaction was allowed to take place at 37 °C for two hours. The methanolic HCI
was removed by evaporation in a speed-vac, and then the sample was
reconstituted in 30% methanol with 0.1% formic acid.*? Finally, acetylation was
carried out by spotting 0.3 uL of the appropriate H. lyratus TG HPLC fraction,
followed by the addition of 0.3 uL of 3:1 methanol:acetic anhydride. The solution
was mixed with 0.3 yL of 50 mM ammonium bicarbonate solution and left at room
temperature for three minutes.*” 33 After each of these labeling methods was
performed on the fraction (and peptides) of interest, MALDI-FTMS was used to

analyze the results.

MALDI FTMS
After being resuspended, fractions were analyzed by matrix assisted laser
desorption/ionization — Fourier transform mass spectrometry (MALDI-FTMS).

Prior to analysis, 0.5 ul of saturated DHB (150 mg 2,5-dihydroxy benzoic acid

(ICN Chemicals) in 1 ml 50:50 MeOH (purge and trap grade, Sigma Aldrich) :
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ddH;0) was spotted followed by the addition of 0.5 ul of the fraction on the

sample probe and allowed to crystallize at room temperature. Fractions were
analyzed usingv an lonSpec Fourier transform mass spectrometer
(Varian/ionSpec Corporation, Lake Forest, California, USA) equipped with a 7.0
Tesla actively shielded superconducting magnet.. lons were formed through the
use of a nitrogen laser producing ultraviolet light at 337 nm. lons were then
carried down a quadrupole ion guide into the ion cyclotron resonance cell where
they can be detected. Each fraction was analyzed three times in order to cover
wide range of masses. The first analysis was focused on m/z 1000 and ranged
from m/z 108-2500, the second analysis was focused on m/z 2500 and ranged
from m/z 215-4500, and the final analysis had ionization events focused on m/z
1000 (2 events), m/z 2500 (1 event), m/z 5000 (2 events), m/z 8000 (2 events)
and ranged from m/z 215-12000. To obtain a peak list, we used the lonSpec99©
software (used to acquire the data; lonSpec, Corp.) to differentiate between
noise and signal and then produce a peak list of all peaks in the spectra.

Sustained off-resonance irradiation - collisionally induced dissociation was
performed by first using an arbitrary waveform with a notch 10 m/z wide (+/- 5
m/z) to eject all other ions. While this window may seem wide, the peaks were
observed and it was confirmed that there were no other peaks within this window
in the sample analyzed. If other peaks were found within the window then the

width was adjusted to exclude these other peaks. The ions of interest were then

excited with 125% amplitude of their adjusted resonant frequency into a cloud of
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nitrogen injected into the cell for 200 milliseconds at the time of excitement.

The resulting fragments were then detected and the data analyzed.

Nanoflow HPLC ESI-QTOF MS/MS

Nanoscale LC QTOF MS/MS was performed using a Waters capillary LC
system coupled to a QTOF Micro mass spectrometer (Waters Corp., Milford, MA,
USA). Chromatographic separations were performed on a C18 reverse phase
capillary column (75 um internal diameter x 150 mm length, 3 pm particle size;
Micro-Tech Scientific Inc.). The mobile phases used were: A, deionized H,O with
5% acetonitrile and 0.1% formic acid; B, acetonitrile with 5% deionized H,O and
0.1% formic acid; C, deionized H,O with 0.1% formic acid. An aliquot of 6.4 uL of
H. lyratus TG HPLC fraction was injected and loaded onto the trap column
(PepMap™ C18; 300 um column internal diameter x 1 mm, 5 pym particle size;
LC Packings, Sunnyvale, CA, USA) using mobile phase C at a flow rate of 30
pL/min for 3 min. Following this, the stream select module was switched to a
position at which the trap column became in line with the analytical capillary
column, and a linear gradient of mobile phases A and B was initiated. A splitter
was added between the mobile phase mixer and the stream select module to
reduce the flow rate from 12 pL/min to 200 nL/min.

The nanoflow ESI source conditions were s_et as follows: capillary voltage
3800 V, sample cone voltage 35 V, extraction cone voltage 1 V, source
temperature 120°C, cone gas (N2) 13 L/hr. A data dependent acquisition was

employed for the MS survey scan and the selection of precursor ions and
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subsequent MS/MS of the selected parent ions. The MS scan range was

from m/z 300-2000 and the MS/MS scan was from m/z 50-1800. The MS/MS de
novo sequencing was performed with a combination of manual sequencing and
automatic sequencing by PepSeq software (Waters Corp.).

With the combination of these methods, we were able to not only confirm
the presence of many peptides, but also to sequence new peptides that we

identified in the course of our study.

Data Analysis and Software Development

For each peak list, we perform simple '3C deisotoping. For this process,
the spectra are analyzed for peaks that are distributed m/z 1.0078 apart, +/- 25
ppm, which is the user entered value of error allowed. We further require that the
distribution of peaks contain only one local maximum per group of isotopic peaks.
The isotopes are then collapsed into one peak, taking the m/z value from the
peak that has the minimum m/z value, i.e. the monoisotopic peak. To remove
peaks due to electronic noise, we remove all peaks that do not have a
corresponding isotopic distribution.

Because Qf the wide range of masses that could be present in each
fraction, it was necessary to analyze each fraction at multiple ranges so as to
insure that all ions were detected due to a time-of-flight effect encountered in
MALDI FTMS.*? As a result, each fraction had three spectra at different mass

ranges which required the combination of each spectrum into one peak list for

each fraction. After doing this, it was necessary to produce a peak list of all
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peaks in all the relevant fractions from the TG of each species. Therefore,

the peak lists from multiple spectra had to be combined into one peak list (once
for each fraction and then another time for the complete species éxtract). We
accomplished this using hierarchical clustering upon the m/z values across
different peak lists using an algorithm similar to Tibshirani et al, 2004 (Figure
5.3).“’3 The algorithm assures that each cluster midpoint is no more than +/- 25
ppm from the midpoint of another cluster. For this application, the groups
identified by the hierarchical clustering algorithm for all three spectra are then
compressed into one peak list with peak values assigned by taking the m/z value
for the peak with the greatest intensity out of the three spectra. We then
generate a peak list using the midpoints of the clusters as the new m/z value and
the most intense peak within the cluster as the new intensity value. This same
method is used to compress all of a species’ fraction peak lists into one large
peak list indicative of all peaks found in a species TG extract.

After the peak lists were created for each species, it was necessary to
align thé peak lists because the spectra were externally calibrated. To perform
this alignment, a theoretical peak list of alignment peaks was created of m/z
values for peptides that were found in a majority of the species peak lists. Given
a list of alignment peaks and an error window (either daltons or ppm), the
algorithm we use searches for these peaks within each of the species’ peak lists.
The search then finds the most intense peak within each alignment peak
window. Using the list of found peaks, a least-squares linear fit is performed to

derive the constants for the correction equation (Corrected = A + Bx(Original)
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where A is the absolute m/z shift and B is the change in scale as the m/z

changes). The corrected value for one peak's m/z value is calculated using the
linear equation from the peak's original m/z value. The algorithm calculates the
values of A and B for each spectrum, then corrects the m/z values of the peaks
within that spectrum using the linear equation. If no alignment peaks are found,
the spectrum is left untouched. If only one alignment peak is found, B is set to
one and A is the m/z delta between the original and alignment peak.

Once we have built the composite peak list for each species under study,
we can begin identifying known peptides. This is done by first entering a list of
m/z values for any known peptides we are interested in finding. By entering a +/-
ppm value, a window is created, with the known peptide m/z values at the
midpoints. The species’ peak lists are then compared to these windows and if a
peak exists within the windows, identification is indicated by a blue square in the
resulting heat map, whereas a black square results from no identification being
made. By doing this, we can indicate which peptide m/z peaks are present within

each species' composite mass spectrum.

5.4 Results and Discussion

To begin the development of this method, we initially analyzed thoracic
ganglia from each species using the MALDI-FTMS direct tissue analysis method
developed in our lab.*! By doing this we wefe able to quickly generate a
snapshot of the peptidome for each species, and thus make an initial comparison

of peptides present in each species (Figure 5.4). However, a direct analysis of
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tissue does not provide a complete profile of an organ’s peptidome due to the

small amount and the heterogeneity of tissue that is analyzed. Because of the
complex structure of the thoracic ganglia, it is necessary to create an extract,
then reduce chemical complexity and expand dynamic range by separation using
HPLC prior to MS analysis.

Fractions from each species thoracic ganglia extract were analyzed three
times by MALDI-FTMS. The resulting spectra included the mass ranges m/z
108-2000, m/z 400-4500, and m/z 215-12000 (Figure 5.5). By analyzing these
ranges, most peptides present in the samples will be detected. With three
spec{ra for each fraction, and 60-70 fractions for each species extract, there are
180-210 spectra for each species. Currently, with only five species fully
explored, more than 1000 spectra need to be processed. With the further
addition of species to this comparative analysis of neuropeptide complements in
a large collection of species, an evident challenge is how to process this sizeable
data set. To solve this problem, we developed an in-house written bioinformatics
software program called SpecPlot. This software not only enables the
management of large dataset, but also helps to reduce human error from manual
analysis, although during software development and validation manual checking
has been performed and confirmed the computer generated results. As is
evidenced by the identification of unknown peptides with masses very close to

those of known peptides, it is necessary to exercise caution for peptide

assignment by performing further mass spectral analyses (ion fragmentation,
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internal calibration) or other confirmation experiments with complementary

information (dot-blotting with antibodies).

After collecting the spectra and using the lonSpec99© software to produce
a peak list, we can begin using the SpecPlot software to analyze the data.
Initially, peak lists are deisotoped to leave only monoisotopic masses in the list
as well as remove most noise peaks (because electronic noise peaks do not
have an isotopic distribution these peaks are discarded). After creating a list of
only monoisotopic peak masses all three peak lists are stacked and then
collapsed together to eliminate the overlap of the three spectra (Figure 5.6).
Included in the peak lists produced by the lonSpec99© software is information
about the relative abundance of each peak in the list. This information is
currently used by SpecPlot only to display the peaks with varying colors (blue for
least intense, green for medium intensity, and red for most intense). By
collapsing three peak-lists of each individual fraction into a single peak list we
reduce the amount of data that need to be processed by three fold.

The next step in data analysis requires stacking of each fraction’s peak list
to display them graphically. Because fraction number is a function of elution time
during the HPLC run, stacking their peak lists in order elucidates during which
fractions peptides were eluted off of the column (Figure 5.7). Additionally, this
stacking also highlights any noise peaks and chemical background that made it
through the deisotoping step. These show up as peaks appearing in all fractions,

thﬁs creating a continuous line from the top of the display to the bottom (Figure

5.7). Although a noise peak can not be selectively removed, knbwing its mass




199
prevents the assignment of a peptide identity to this mass in further

processing of the peak lists.

As with the multiple peak lists for each fraction, the fractions’ peak lists
now are combined to remove redundant peaks and create a master peak list.
Although it is possible to collapse all fractions into this final peak list it is neither
necessary nor desirable as many fractions that contain only electronic and
chemical noise would be included. By observing the stacked peak lists from all
fractions, it is obvious which fractions contain meaningful information (Figure
5.7) and should be included in the final peak list. Once the appropriate fractions
have been identified, they are collapsed into a peak list that then represents the
full complement of peptides in each species’ thoracic ganglia (Figure 5.7).

Once there is a peak list for each species, a comparison between them
can be performed in order to elucidate similarities and differences between
peptide complements. Although the peak lists can now be compared, such a
contrast has little meaning without identities for the peaks. In order to identify
peptides in these peak lists, a peak list (Table 1) of several known crustacean

29-32 and

peptide families was created from sequences found in current literature
loaded into SpecPlot. Once the theoretical peak list of known crustacean
peptides was formed, all species peak lists were stacked in order to observe
similarities and major pattern differences between species (Figure 5.8). From

this comparison many similarities can be observed, with multiple lines aligned

with each other, but an overall comparison is difficult due to the number of peaks
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present. To make these comparisons easier and less subject to human error,

we have again employed the SpecF’Iot software.

To identify the presence of peptides in the species extracts, the created
peak list of known peptides was entered into SpecPlot and compared to each of
the species’ peak lists individually. Identification of a peptide within a species
was made by first creating a window of a designated width (+/- ppm) on either
side of the peaks of the theoretical peak list. Each of the species peak list was
then examined by the software to determine whether a peak exists within the
windows created from the theoretical peak list. If a peak was observed within a
window, identification was made and represented by a blue square in the heat
map, as opposed to the black square indicating no match was present. Because
we used external calibration for this work, we tried varying error values (5, 10, 25,
50, 100, and 200 ppm) in order to demonstrate how the number of identifications
changes as the window was widened. External calibration was used due to the
large number of spectra obtained, the wide range of these spectra, and difficulty
in using internal calibrants with the instrumentation at the time. In the future we
will incorporate methods such as internal calibration on adjacent standards
(InCAS) to improve this mass measurement accuracy so that a smaller window
can be used without loss of identified peptides.

From this comparison, the map of detected peptides is created for each of
the crustacean species without regard to peptide intensity (Figure 5.9). Once
peptide identities have been assigned to the masses, the information regarding

their presence in the species can be grouped together into their respective
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peptide families. By grouping the masses in this way, patterns regarding

peptide presence in species becomes evident and can be used to make further
conclusions about the peptide family and its distribution among crustacean
species (Figure 5.9).

To confirm the peptide identification using our SpecPlot program, we
manually checked for the presence of the peptide HL/IGSL/IYRamide (m/z
844.48) and [Val 13]-orcokinin (m/z 1502.69) in all species analyzed. To find the
spectra containing the appropriate peaks, the peaks were found and their
respective fractions identified in the map of the HPLC run (Figure 5.7). Then,
the corresponding spectra were checked by hand for the presence of the peaks
as well as their isotopic distribution (Figure 5.10). It can be observed that the
m/z 844.48 and m/z 1502.69 peaks are present in all species, and furthermore,
that they are present in varying levels in different species. Finally, it is also noted
that the HL/IGSL/IYRamide and [Val 13]-orcokinin eluted within one fraction from
sample to sample, indicating reproducible HPLC elution conditions. To further
confirm the identities of these peptides, sequenceQSpecific fragmentation
analyses were performed with two representative resulting fragmentation spectra
of HL/IGSL/IYRamide and [Val 13]-orcokinin shown at the bottom (Figure 5.10).
Several other peptides were confirmed in multiple species in a similar manner.

In the process of confirming the presence of orcokinins (NFDEIDRSGFG
(m/z 1256.56) and NFDELDRSGFGFH (m/z 1540.68)) several peaks were
noticed very near (within 0.1 Da) these two peaks and also co-eluted in the same

fraction. To identify what these other peaks were, we fragmented them and
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found fragmentation patterns that did not match the corresponding putative

orcokinin fragmentation patterns. Thus, it was obvious that these ions were not
orcokinins, although the two putative peptides are related as is evidenced by
several peaks they both share in their fragmentation spectra (b-ions up to b11)
(Figure 5.11). To further sequence these peptides, these fractions were run on
the CapLC Q-TOF and the resulting fragmentation spectrum (Figure 5.11 B) was
compared to the FTMS data to confirm the proposed sequence. The proposed
sequence for the m/z 1256 peptide is AQAPFI/LSQPNI/LA. Both MALDI-FTMS
and CapLC Q-TOF data corroborate this sequence (Figure 5.11).Obviously,
using these mass spectrometric methods, it is impossible to differentiate the
leucine residues from the isoleucine residues. Additionally, to further confirm this
sequence formaldehyde labeling, methylation, and acetylation were used to react
with the varying functional groups and confirm the presence or absence of
certain amino acids in the sequence. After these methods were applied, MALDI-
FTMS was used to assess the results of these reactions. Through this process
we were able to confirm this sequence. To further show that this peak was not
[1-11]orcokinin and was actually a new peptide, we performed an internal
calibration on an adjacent standard (InCAS) experiment where the de novo
sequenced new peptide was combined, in the detection cell, with authentic
orcokinin [1-11] at m/z 1256 as well as other peptide standards (Angiotensin II,
m/z 1046.5418; Arg-Vasopressin, m/z 1084.4078; Angiotensin |, m/z 1296.7046;
and Substance P, m/z 1347.7370). The spectrum was then calibrated on these

standards with a mass measurement accuracy of 0.4 ppm for orcokinin [1-11]
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(with a calculated m/z 1256.5542). The resulting mass measurement

accuracy of the other peak to our new peptide sequence (of AQAPFI/LSQPNI/LA
with an exact mass of 1256.6634 m/z) is 0.6 ppm. These experiments highlight
the utility of high resolution MALDI FTMS for distinguishing two peptides with
similar masses using high MMA offered by INCAS and sequence-specific
fragmentation analysis (Figure 5.11). As stated above, the 1256 m/z and 1540
m/z were evidently related as is evidenced in their similar fragmentation patterns
(Figure 5.11). Once the sequence of the 1256 m/z was identified, we compared
the peaks from the fragmented AQAPFI/LSQPNI/LA to that of the fragmented
1540 m/z peptide. It was found that both spectra contained many of the same b-
ion peaks up to the b11 peak of the AQAPFI/LSQPNI/LA (m/z 1167.62). From
there, the fragmentation spectra was manually sequenced and the complete
sequence was determined to be AQAPFI/LSQPNI/LNGI/LA (m/z 1540.8118)
(Figure 5.11).

Finally, information regarding the conservation of peptide families among
different crustacean species can be extracted from this comparative peptidomic
study. By obsérving the heat map of peptide matches (Figure 5.9), it is obvious
that several peptide families, i.e. FLRFamides, RYamides, and orcokinins, are
very well conserved among different species. By contrast, peptide families such
as the allatostatins (A-, B- types), the CPRP’s (crustacean hyperglycemic
hormone precursor-related peptides) exhibit greater diversity through speciation.
Although a limited set of species investigated here, the methodology established

in this study will enable examination of a larger collection of species in a high
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throughput manner. The preliminary data presented in this report provides a

foundation for future evaluation of the hypothesis regarding variation of

neuropeptidome as a function of speciation.** 4°

5.5 Conclusions

We describe a new method using MALDI-FTMS in conjunction with
bioinformatics for the exploration of peptidomics. As this field grows, such tools
will become ever more important to handle and manage the large data sets that
are produced. The advantages of sensitivity and high mass measurement
accuracy of the MALDI-FTMS show the value of using such an instrument for
peptidomics research. Bioinformatics has allowed us to widen our range of
analysis, reduce the amount of human error introduced, and efficiently
understand the results more fully. The software tool SpecPlot developed in this
study can be easily tailored for other applications and to process datasets
produced by other mass spectrometers (i.e. mass list including ion abundance).

The combined MALDI FTMS and bioinformatics tools allowed us to collect
data from multiple species and then analyze that data in a manageable way. A
rapid comparison of peptide content in the nervous system of these species can
be made with known peptides highlighted. This method, while not a complete
analysis of all peptides present in all species, can work as an excellent first-pass
analysis of data to identify the known peptides present as well as provide an

initial glimpse at the peptide complement among different species. Additionally,

while there are a great number of peptides in unexplored species that can be
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matched to known peptides, many more unknown and novel peptides await

to be further investigated to gain better understanding of peptide diversity and
conversation in the context of neuropeptide families. This research has provided
an effective method for future comparative peptidomic investigations using
multiple species to understand how peptide diversity has been affected through

speciation.
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5.8 Figures

Figure 5.1: The crustaceans used for this research include: (A) Cancer
productus or the Red Rock Crab, (B) Hyas lyratus or the Pacific Lyre Crab, (C)
Hemigrapsus nudus or the Purple Shore Crab, (D) Oregonia gracilis or the
Graceful Decorator Crab, and (E) Telmessus cheiragonus or the Helmet Crab.
Images taken from Pacific Coast Crabs and Shrimps, by Gregory C. Jensen, (c)

1995 Sea Challengers (Monterey, CA).
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Figure 5.2: lllustration of the location of the crustacean species used in this

research on the taxonomic table. Note that all species examined are from the

brachyuran family of decapod crustaceans.
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Figure 5.3: An example of how hierarchical clustering is performed. A, B, and C
are three separate theoretical peak lists for this example. The points on the x-
axis in D are the m/z values for spectra A, B, and C and each is initially placed
into its own cluster (blue, under red). The clustering algorithm then iteratively
finds the two closest clusters and combines them to make a new cluster. In D,

these new cluster are indicated by lines connecting the points where the ppm

required to make the cluster is indicated by the height of the line joining the
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cluster points. Using a cutoff (at a user entered ppm value) determines the

number of clusters, i.e. those clusters that are connected under the cutoff line are
grouped together (larger red circles in D) and vice versa for those that are
connected above the cutoff line. In E, the value of each of these clusters is then
determined by a user entered method (i.e. average value of peaks in cluster, the

- value of the most intense peak) and a peak list is created. Intensity can be

included if necessary.
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Figure 5.4: Mass spectra obtained by MALDI-FTMS direct tissue analysis of
.small sections of thoracic ganglia dissected from each species, stored in acidified

methanol and then spotted with concentrated DHB. As can be seen, there are

both similarities and differences between the species’ peptide content.
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Figure 5.5: An example of the three mass ranges acquired in order to more fully
detect all peptides in each fraction. These spectra were all obtained from H.

lyratus thoracic ganglia extract LC fraction number fifteen.
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Figure 5.6: lllustration of how peak lists are displayed in SpecPlot; blue lines

represent the least intense peaks, green represents medium intensity peaks, and

red represents the most intense peaks in a spectrum. This figure illustrates how

each of the different mass range spectra are deisotoped and compressed into

one peak list representing all peaks for that fraction. Please note the m/z scale

does not match the different mass ranges because no peaks were identified

below the lowest and highest mass indicated by the scale bar.
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Figure 5.7: Each fraction’s peak list is stacked in order (A). Also note the peaks

at m/z 986 (highlighted in red box in A and B) are found in all fractions, indicating

an electronic noise peak that was not eliminated by deisotoping due to its

complexity. Because fraction number is related to elution time, the period where

peptides eluted off of the column can be observed (B). The compressed peak

lists from fractions 8-30 (C) of the species extract have been combined to create

this complete peak list of all peaks detected in the TG extract.
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Theoretical Theoretical Theoretical
Peptide Mass Peptide Mass Peptide Mass
FLRFamides All ins A-type Orcokinins
' RSFLRFa 824.49 YAFGLa 569.31 EIDRSGFGFA 1098.52
RNFLRFa 851.50 YSFGLa 585.30 EIDRSSFGFN . 1171.54
i GRNFLRFa 908.52 GQYAFGLa 754.39 NFDEIDRSGF 1199.53
SKNYLRFa 926.52 GGAYSFGLa 770.38 DEIDRSGFGFA 1213.55
NRSFLRFa 938.53 DPYAFGLa 781.39 NFDEIDRSGFG 1256.55
pERNFLRFa 962.53 EPYAFGLa 795.40 NFDEIDRSGFA 1270.57
NRNFLRFa 965.54 AGPYSFGLa 810.41 NFDEIDRSSFG 1286.56
GGRNFLRFa 965.54 GDPYAFGLa 838.41 NFDEIDRSSFA 1300.58
DRNFLRFa 966.53 AGGAYSFGLa 841.42 NFDEIDRSGFGF 1403.62
APRNFLRFa 1019.59 PSMYGFGLa 884.43 NFDEIDRSGFGFA 1474.66
GNRNFLRFa 1022.56 PDMYGFGLa 898.41 NFDEIDRSGFGFV 1502.69
RDRNFLRFa 1122.63 GSGQYAFGLa 898.44 DFDEIDRSGFGFV 1503.68
GYSKNYLRFa 1146.61 PDMYAFGLa 912.43 NFDEIDRSGFGFN 1517.67
APQRNFLRFa 1147.65 pERAYSFGLa 923.47 NFDEIDRSSFGFV 1532.70
AYNRSFLRFa 1172.63 SSGQYAFGLa 928.45 NFDELDRSGFGFH 1540.68
SENRNFLRFa 1181.62 PRDYAFGLa 937.49 NFDEIDRSSFGFN 1547.68
PELDHVFLRFa 1271.69 QRAYSFGLa 940.50
pERPYSFGLa 949.49 CPRP
RYamides DRPYSFGLa 953.48 Cabo CPRP Il 3958.02
‘ FVGGSRYa 784.41 pERTYSFGLa 953.48 Cabo CPRP | 3963.05
1 FYANRYa 832.41 APQPYAFGLa 962.51 Capr CPRP | 3975.98
FYSQRYa 862.42 ERPYSFGLa 967.50 Cabo CPRP Il 3977.07
LFVGGSRYa 897.49 PADLYEFGLa 1023.51 Capr CPRP il 3988.02
RFVGGSRYa 940.51 PATDLYAFGLa 1066.56 Cabo CPRP IV 3991.08
SGFYANRYa 976.46 Capr CPRP Il 4003.06
pEGFYSQRYa 1030.47 All ins B-type Capr CPRP IV 4017.08
SSRFVGGSRYa 1114.58 NWNKFQGSWa 1165.55
TSWGKFQGSWa 1182.57 Truncated CPRPs
Orcomyotropin GNWNKFQGSWa 1222.58 PGGLVHPVE 904.49
FDAFTTGFGHS . 1186.52 NNWSKFQGSWa 1252.59 RSAQGMGKMEHL 1344.65
FDAFTTGFGHN 1213.53 STNWSSLRSAWa 1293.63 RSAQGMGKMERL 1363.69
: NNNWSKFQGSWa 1366.63 RSAQGMGKMEHLL 1457.74
PDHs RSAQGMGKMEHLLA 1528.77
NSELINSILGLPKVMNDAa 1927.03 Allatostatin Combos [13-38] Capr CPRP Il 2658.39
NSELINSILGLSRLMNEAa 1973.05 DPYAFGLGKRPADL 1519.79
EPYAFGLGKRPATDL 1634.85 Others
DPYAFGLGKRPDMYGFGLa 2002.98 RYLPT 649.37
DPYAFGLGKRPDMYAFGLa 2017.00 DFSAWAa 695.31
GSGQYAFGLGKKAGGAYSFGLa 2035.04 HIGSLYRa 844.48
DPYAFGLGKRPADLYEFGLa 2128.09 PELNFSPGWa 930.45
EPYAFGLGKRPATDLYAFGLa 2185.14 APSGFLGMRa 934.49
PFCNAFTGCa 956.38
GFKNVEMMTARGFa 1486.73

Table 5.1: List of known crustacean neuropeptides
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peptide list

C. productus|

H. lyratus|
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T. cheiragonus|

273.0405

718.2620
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Figure 5.8: Peak lists of each species stacked to show similarities and

differences between them. This display has been cut-off at m/z 2500 for display

purposes. For data analysis and peak matching, all peaks, including those over

m/z 2500 were used.
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Figure 5.10: Verification and confirmation of putative peptides via fraction

alignment and gas-phase fragmentation. As can be seen on the left, a peak with

m/z 844.5 was identified in all five species in almost the same fraction for each.

On the right, the peak m/z 1502.7 was identified in all five species, also in almost

the same fraction. On the bottom, to confirm the identity of each of these

peptides, MS/MS via SORI-CID was performed on the fraction with the most

abundance of each peptide and sequence-specific fragment ions and peptide

tags labeled.
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Figure 5.11: A. Spectrum of an internal calibration on an adjacent standard
(INCAS) experiment with native (confirmed) [1-11] orcokinin with the new m/z

1256 peptide showing a definite difference in mass. B. The CapLC Q-TOF

fragmentation spectrum of the new m/z 1256 showing the corresponding
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sequence. C. The MALDI-FTMS fragmentation spectrum of the new m/z

1256 showing the peptide sequence. D. The MALDI-FTMS fragmentation of the

new m/z 1540 showing the similarities to the new m/z 1256 (indicated by the

yellow stars) and the continuation of the sequence.
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Chapter Six

Comparative Analysis of Tissue-Specific Expression of Neuropeptides

Using LC-MALDI TOF/TOF Mass Spectrometry

This chapter is coauthored by Sean Mcllwain and David Page of the University of

Wisconsin Department of Biostatistics and Lingjun Li.




229
6.1 Introduction

Peptidomics has evolved into a highly active research area due to
substantial advancements in mass spectrometry and biological significance of
neuropeptides. Interest is especially on bioactive peptides that are involved in

2 One of the organisms that is

cell/cell signaling as well as systemic signaling.”
of special interest that has a model nervous system is the crustacean Cancer
borealis (the Jonah crab). There are many reasons that C. borealis is used as a
model system and one of the most important is the peptide diversity contained
within.># Although many peptides in multiple peptide families have been
identified in C. borealis, functions of many of these peptides are still have not
been fully described and remain a mystery.>”’

In advdition to a lack of knowledge about function, there is also a lack of
data regarding peptide distribution among the nervous system'and
neurosecretory organs. While some research has described the peptide content
of individual or a few organs®'°, there has never been a thorough investigation
into all of the organs simultaneously. Additionally, the exploration of peptidomes
of all the organs can provide a great deal of important information, but even more
significant is a comparison of the peptide content between all of the organs. By
performing such a comparative peptidomic analysis, and tying this information to
the known function of each organ, some conclusions about peptide function can
be derived.

In this report, we describe the first full investigation of peptide content from

all of the important nervous system and neurosecretory organs in the crab C.
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borealis. Mass spectrometry analysis was carried out using a MALDI

TOF/TOF instrument." Previously, we described the comparison of multiple
crab species’ thoracic ganglia peptidome through the combination of a MALD
FTMS instrument with bioinformatics.'® For this research we chose to uée a
MALDI TOF/TOF due to its sensitivity and its high throughput capability.
Furthermore, because we utilized off-line LC MALDI analysis, we are able to
reanalyze the fraction spots containing peptides of interest. This allows for the
opportunity to perform MS/MS experiments to obtain fragmentation data and
enable either known peptide confirmation or novel peptide sequencing.'® '3
Moreover, by using an in-house written bioinformatics software package to
process the MS data we have compared each organs’ peptidome to a list of
known peptides. This combination of MALDI TOF/TOF with bioinformatics

provides a sensitive and rapid method of identifying known neuropeptides from a

large dataset of varied samples.’*

6.2 Methods
Animal care and tissue collection

Cancer borealis (Jonah crabs) were obtained from the Fresh Lobster
Company (www.thefreshlobstercompany.com) in Gloucester, MA and were
maintained without food in a recirculated artificial seawater aquarium at 10-14 °C
until being dissected. Details of the animal treatment and dissection are

described in Kutz et al.'” For the purposes of this study, the crabs were cold-

anesthetized, and the organs were dissected in chilled physiological saline
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(composition in mM: NaCl, 440; KCI, 11; MgCI2, 26; CaCl2, 13; Trizma base,

11; maleic acid, 5; pH 7.45). Organs were removed from each animal and
immediately placed into acidified methanol (90:9:1, MeOH : glacial acetic acid :
deionized H,0) in microcentrifuge tubes. The number of organs and what part of
the crab they were removed from are as follows: two sinus glands (SG) from the
eyestalks; two anterior cardial plexi (ACP), the brain, two commissural ganglia
(CoG), the oesophageal ganglia (OG), and the stomatogastric ganglia (STG)
from the stomatogastric nervous system (STNS); two pericardial organs (PO)
from the cardial ridges; and the thoracic ganglia (TG) from ventral to the cardial
chamber. Organs were combined into their own microcentrifuge tubes (one for

each type of organ) and then stored in a -20 °C freezer until peptide extraction.

Peptide Extraction and HPLC Separation

Microcentrifuge tubes containing organs were removed from the -20 °C
freezer and immediately placed on ice for peptide extraction. Organs from 25
animals were then removed from the tube and placed into an appropriately sized
tissue grinder (Wheaton, Inc.) along with an adequate amount of acidified
methanol to perform the extraction. For the ACP, OG, STG, and SG a 100 u
tissue grinder was used and 100 ! of acidified methanol was used for each
extraction and reextraction. The brain, CoG, and PO required a 1 ml tissue
grinder and 1 ml of acidified methanol was used for each extraction and

reextraction. Finally, a 15 ml tissue grinder was used to extract the TGs along

with 7 ml of acidified methanol for each extraction and reextraction. Each organ




232
was then ground until no apparent large particles remained and all tissue was

suspended. The acidified methanol with the suspended tissue was then
removed from the tissue grinder and placed into a new microcentrifuge tube(s).
The extract was then centrifuged at 16,100 rcf for 10 minutes on an Eppendorf
5415 D microcentrifuge (Brinkmann Instruments Inc., Westbury, NY). After
centrifugation, the supernatant was removed and placed into a new micro-
centrifuge tube(s). Following this, the appropriate amount of acidified methanol
was used to rinse the tissue grinder after which the acidified methanol was
transferred to the tube(s) with the original pellet(s). The pellet(s) were then
resuspended, reextracted, centrifuged again and the supernatant removed and
added to the original supernatant. This process was repeated again producing
the final extract. The pellets were retained and stored in a -20 °C freezer. The
extracts were then concentrated using a Savant SC 110 Speed-Vac concentrator
(Thermo Electron Corporation, West Palm Beach, FL). For extracts with volumes
higher than 2 ml and thus in multiple tubes, the volume was observed during
concentration and combined when able to all fit in one tube. The extracts for the
ACP, CoG, OG, STG, and SG were then resuspended with ~50 ul of ddH.O with
0.1% formic acid (Sigma Aldrich) and the brain and PO and were resuspended
with 80 ul of ddH20 with 0.1% formic acid all followed by vigorous vortexing. The
TG extact was resuspended by taking 20 ul of the extract and adding 80 ul of
ddH,0 with 0.1% formic acid and vigorous vortexing.

After resuspension, extracts were ready for HPLC separation. For HPLC

separation, a 100 ul injection loop was used, but not always filled with extract.
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Injection volumes were as follows: 30 ul was injected for ACP, CoG, OG,

STG, and SG, 50 ul was injected for brain and PO, and 100 ul for the TG extract.
The column used was a 2.1 mm I.D., 250 mm long, C18 column (Alltech, Inc.)
with a guard column on a Rainin Dynamax HPLC system (Rainin Instrument Inc.,
Woburn, Massachusetts, USA) eduipped with a Dynamax UV-D Il absorbance
detector. Mobile phases used were A: dH,0 w/ 0.1% formic acid and B:
acetonitrile (HPLC grade) w/ 0.1% formic acid. The gradient used was 5-70% B
from 0-60 minutes, 70-95% B from 60-70 minutes, and 95% B from 70-80
minutes with a flow rate of 0.2 ml/min. Fractions were collected every two
minutes with a Rainin Dynamax FC-4 fraction collector producing 40, 400 ul
fractions. Fractions were then concentrated to dryness with the speed-vac.

Each fraction was then resuspended with 20 ul ddH,O w/ 0.1% formic acid.

Data Acquisition and Processing
After fractions were resuspended, they were spotted on an ABI Opti-TOF

384-well insert MALDI target plate (Applied Biosystems, Framingham, MA). A
0.5 ul spot of a-cyano-4-hydroxycinnamic acid (CHCA (Sigma Aldrich Inc., St.
Louis, MO), saturated solution in 50:50 acetonitrile/0.1% aqueous formic acid,
v/v) was placed on the plate and then 0.5 ul of each fraction was added to the
spot and then allowed to cocrystallize at room temperature. In addition to the
fractions, a 10 M mixture of six standards was spotted after every 10 fraction

spots. The standards used can be found in Table 6.1. The standard spots were

placed to provide external calibration data if necessary.
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A model 4800 MALDI TOF/TOF analyzer (Applied Biosystems,

Framingham, MA) equipped with a 200 Hz, 355 nm Nd:YAG laser (spot diameter
of ~75 um) was used for all mass spectral analyses. Acquisitions were performed
in positive ion reflectron mode. Instrument parameters were set using the 4000
Series Explorer Software (Applied Biosystems). Each mass spectrum was
generated by averaging 1200 laser shots over the mass range m/z 500-4000.
Mass spectra were externally calibrated using peptide standards applied directly

to the stainless steel MALDI target.

Data Analysis and Software Development

Spectra were analyzed using Data Explorer® Software v. 4.9 (Applied
Biosystems). Each fraction’s spectrum was reviewed and the peak list generated
by the software was converted to a text file that could be imported into the in-
house developed bioinformatics software, SpecPlot.

After doing this, it was necessary to produce a peak list of all peaks in all
the relevant fractions from each of the organ extracts. Therefore, the peak lists
from multiple spectra had to be combined into one peak list representing the
peptides in each extract. We accomplished this using hierarchical clustering
upon the m/z values across different peak lists using an algorithm similar to
Tibshirani et al, 2004." For further explanation of hierarchical clustering and this
algorithm, please see Chapter 5. This method was used to compress all of the

organs’ fraction peak lists into one large peak list indicative of all peaks found in

an organs’ extract.
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After the peak lists were created for each organ, it was necessary to

align the peak lists because the spectra were externally calibrated. To perform
this alignment, a list of alignment peaks was created of m/z values for the
standards in the calibration spots and included in with the organs’ peak lists
(Table 6.1). Because four spectra of the standards were included in each
organs’ complete peak list, alignment on these peaks was possible. The method
used for this alignment is also described in our previous work.'® Instead of using
peaks naturally found in the peak lists as in our species comparison work, we
were able to use the standard peaks from spectra collected during the analysis of
the fractions. Using the list of standard peaks, a least-squares Iin_ear fit is
pedorméd to derive the constants for the correction equation (Corrected = A +
Bx(Original) where A is the absolute m/z shift and B is the adjustment of the
scale as the m/z changes). The corrected value for one peak's m/z value is
calculated using the linear equation from the peak's original m/z value. The
algorithm calculates the values of A and B for each spectrum, then corrects the
m/z values of the peaks within that spectrum using the linear equation. Also
included in this algorithm is an error value to create a tolerance window on either
side of the entered standard masses. For this work we used an error value of
100 ppm to create the error window for this alignment algorithm. Because we
were using a MALDI TOF/TOF instrument and externally calibrating, we chose
100 ppm as our tolerance error.

Once we have built the composite peak list for each organ being studied,

we can begin identifying known peptides. This is done by first entering a list of
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m/z values for any known peptides we are interested in identifying in the

organs. By entering a +/- ppm value, an error tolerance window is created, with
the known peptide m/z values at the midpoints. The organs’ peak lists are then
compared to these windows and if a peak exists within the windows, identification
is indicated by a blue square in the resulting heat map, whereas a black square
results from no identification being made. By doing this, we can indicate which

peptide m/z peaks are present within each organs’ composite mass spectrum.

6.3 Results and Discussion

We began this research by collecting and pooling organs from 25 C.
borealis crabs. As the focus of this research was to identify all of the peptides
contained in each of these organs, a direct tissue analysis of these organs would
not suffice to fully elucidate the complete peptide complement of each organ.
Therefore these organs were pooled and their peptides were extracted. The
extracts were then concentrated and resuspended. Afterwards, the extracts
were HPLC separated using a gradient method that produced 40 fractions for
each organ extract. Many of the HPLC traces showed a number of peaks
(Figure 6.1) and therefore it was obvious that most fractions contained many
peptides. To determine the peptides in those fractions, mass spectral analysis
was carried out using a MALDI-TOF/TOF instrument.

By using this instrument, we were able to analyze all fractions rapidly and

with high sensitivity. Furthermore, because the TOF/TOF can sensitively analyze

a wide mass range, each fraction was analyzed from 400-4000 m/z. By
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analyzing each fraction with this range, the majority of peptides will be

detected. In addition to analyzing each fraction, we also analyzed a spot
containing six standards that had been spotted after every ten fraction spots
(Figure 6.2). These standard spots all contained non-crustacean peptides
enabling us to include their spectra in with the fractional spectra when they were
combined into a complete peptide list for each organ. By including these
standard peaks with the native organ’s peptide peaks, we were able to align
(calibrate) the spectra on the six standard peaks of known masses.

For many of the organs a great number of peptides were detected. This is
obvious if one observes several of the middle fractions from most of the organs’
extracts. Examples of several of the most peptide rich fractions from the PO
extract are shown in Figure 6.3. Although most organs did show a large number
of peptides, due to small organ size and lower peptide abundances, the OG and
ACP did not exhibit the high quantity of peptides that the other organs did
(Figure 6.4). Even so, several peptide identifications were made for each of
these organs.

One factor to consider when performing an analysis of such varying tissue
types (frqm huge clusters of neurons such as in the TG to axonal lengths in the
ACP) the consistency of the HPLC separation may come under scrutiny. As has
been stated in the methods, all organ extracts were separated using the same
gradient method and all produced impressive HPLC traces as detected by the

UV-Vis detector at 286 nm. A demonstration of this is the fact that the peptide

HIGSLYRa wi’th a mass of m/z 844.48 was identified in similar fractions in all
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organs except the OG (Figure 6.5). This resemblance of fractional content

indicates the relative consistency of the HPLC separations despite the
differences in tissue types. It also highlights the wide distribution of this peptide
throughout C. borealis nervous system.

After producing peak lists for each organ and aligning them with the
included standard peaks, we compared the peak lists to a list of known
crustacean peptides (Table 6.2). For this comparison, we used a 100 ppm
window as the tolerance error to create the window on either side of the known
peptide mass in which peaks needed to be to count as identification. This error
was chosen by taking into account the general mass measurement accuracy of
MALDI TOF/TOF instruments as well as the error that was observed between the
measured and theoretical values of the standard peaks. Because we are not
interested in peptide abundance for this investigation, identifications were made
regardless of peak intensity. The identifications made are displayed in a heat
map where a blue square indicates the presence of that peptide in that organs
peak list and a black square indicates the opposite (Figure 6.6). Using the 100
ppm error window size we made 274 peptide identifications in these eight
nervous system and neurosecretory organs of the crab C. borealis.

By observing where certain peptides were identified and knowing
something about the function of the organs they were found in, we can gain
insight into the function of these peptides. For this to be true, we are working

under the safe assumption that a peptide is only present in organ’s peptidome if

the organ requires that peptide for a part of its function. Therefore, we can make
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the conclusion that because so many peptides were identified in the PO each

of these is important to the systemic communication of the crustacean nervous
system. On the other hand, a peptide that is identified in only one organ, such as
RDRNFLRFa (m/z 1122.63) found in the brain, could indicate that this peptide is
used for a purpose that is specific to that organ. Overall, the understanding of
each organ’s peptidome and the peptide distribution among organs can lead to
an enhanced comprehension of the function of both the organs and the peptides
they employ for this function. Additionally, by analyzing the peptidome of these
organs using an off-line LC-MALDI approach, it is likely that novel peptides will
be discovered that can then be characterized thus leading to an even more

complete knowledge base about these organs and peptides.

6.4 Conclusions

As we have shown, through the use of off-line LC-MALDI TOF/TOF
analysis combined with bioinformatics, it is possible to rapidly identify the
peptidomes of a variety of tissue types. In this case, we have explored the C.
borealis nervous system and neurohemal organ peptidome and made many
peptide identifications in‘ each organ. Altogether, we made 274 known
crustacean peptide identifications in the eight organs we studied. These
identifications were made using an in-house written bioinformatics software
package that allows us the ability to flexibly manipulate necessary values to

optimize for the highest number of accurate peptide assignments as possible.
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In the future, one area to be developed is the method by which peaks

are picked from the TOF/TOF spectra as it has an inherent large amount of noise
that is difficult to work with at times. Future work should also be focused on the
sequencing and characterization of several unknown peaks that were found in
the course of this investigation. Finally, although the HPLC method for these
separations worked well, it may be possible to optimize methods for each organ
type individually and thus allow for better separation and detection ability.
Overall, while this survey has provided a great deal of informative data, there is

more that could be done to further extend this research in the future.
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6.7 Figures
f Theoretical Mass

Peptide Name Sequence (m/2)
FMRFa FMRFa 599.31225
Bradykinin RPPGFSPFR 1060.56867

L ; CYFQNCPRGa

Arginine Vasopressin (Disulfide bridge Cys1-Cys6) 1084.44513
Angiotensin | DRVYIHPFHL 1296.68477
Substance P RPKPQQFFGLMa 1347.73542
Samatostatin AGCKNFFWKTFTSC (Disulfide 1637.72390

bridge Cys3-Cys14)

Table 6.1: A list of the standards that were spotted after every ten fraction spots.

The peaks resulting from these spectra were included in the peak lists for each

organ and acted as alignment peaks for external calibration.
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Figure 6.1: HPLC traces for each of the organs indicating the relative peptide

content in each organ.
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Figure 6.2: An example of one of the spectra of the standard spots spotted after

every 10 fraction spots.
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Figure 6.5: An example of the peptide HIGSLYRa found in six of the organ
fractions. Note the similarity in fraction number indicating the consistency of the .

HPLC separation.



Theoretical Theoretical Theoretical
Peptide Mass Peptide Mass Peptide Mass

FLRFamid All 1s A-type Or i
RSFLRFa 824.49 YAFGLa 569.31 EIDRSGFGFA 1098.52
RNFLRFa 851.50 YSFGLa 585.30 EIDRSSFGFN 1171.54
GRNFLRFa 908.52 GQYAFGLa 754.39 NFDEIDRSGF 1199.53
SKNYLRFa 926.52 GGAYSFGLa 770.38 DEIDRSGFGFA 1213.55
NRSFLRFa 938.53 DPYAFGLa 781.39 NFDEIDRSGFG 1256.55
pERNFLRFa 962.53 EPYAFGLa 79540 NFDEIDRSGFA 1270.57
NRNFLRFa 965.54 AGPYSFGLa 810.41 NFDEIDRSSFG 1286.56
GGRNFLRFa 965.54 GDPYAFGLa 838.41 NFDEIDRSSFA 1300.58
DRNFLRFa 966.53 AGGAYSFGLa 841.42 NFDEIDRSGFGF 1403.62
APRNFLRFa 1019.59 PSMYGFGLa 884.43 NFDEIDRSGFGFA 1474.66
GNRNFLRFa 1022.56 PDMYGFGLa 898.41 NFDEIDRSGFGFV 1502.69
RDRNFLRFa 1122.63 GSGQYAFGLa 898.44 DFDEIDRSGFGFV 1503.68
GYSKNYLRFa 1146.61 PDMYAFGLa 912.43 NFDEIDRSGFGFN 1517.67
APQRNFLRFa 1147.65 pERAYSFGLa 923.47 NFDEIDRSSFGFV 1532.70
AYNRSFLRFa 1172.63 SSGQYAFGLa 928.45 NFDELDRSGFGFH 1540.68
SENRNFLRFa 1181.62 PRDYAFGLa 937.49 NFDEIDRSSFGFN 1547.68
PELDHVFLRFa 1271.69 QRAYSFGLa 940.50

pERPYSFGLa 949.49 Tr d CPRPs
RYamides DRPYSFGLa 953.48 PGGLVHPVE 904.49
FVGGSRYa 784.41 pERTYSFGLa 953.48 RSAQGMGKMEHL 1344.65
FYANRYa 832.41 APQPYAFGLa 962.51 RSAQGMGKMERL 1363.69
FYSQRYa 862.42 ERPYSFGLa 967.50 RSAQGMGKMEHLL 1457.74
LFVGGSRYa 897.49 PADLYEFGLa 1023.51 RSAQGMGKMEHLLA 1528.77
RFVGGSRYa 940.51 PATDLYAFGLa 1066.56 [13-38] Capr CPRP Il 2658.39
SGFYANRYa 976.46
pEGFYSQRYa 1030.47 All ins B-type Others
SSRFVGGSRYa 1114.58 NWNKFQGSWa 1165.55 RYLPT 649.37

TSWGKFQGSWa 1182.57 DFSAWAa 695.31
Orcomyotropin GNWNKFQGSWa 1222.58 HIGSLYRa 844.48
FDAFTTGFGHS 1186.52 NNWSKFQGSWa 1252.59 PELNFSPGWa 930.45
FDAFTTGFGHN 1213.53 STNWSSLRSAWa 1293.63 APSGFLGMRa 934.49

NNNWSKFQGSWa 1366.63 PFCNAFTGCa 956.38
PDHs GFKNVEMMTARGFa 1486.73
NSELINSILGLPKVMNDAa 1927.03 Allatostatin Comb
NSELINSILGLSRLMNEAa 1973.05 DPYAFGLGKRPADL 1519.79

EPYAFGLGKRPATDL 1634.85

DPYAFGLGKRPDMYGFGLa 2002.98

DPYAFGLGKRPDMYAFGLa 2017.00

GSGQYAFGLGKKAGGAYSFGLa 2035.04

DPYAFGLGKRPADLYEFGLa 2128.09

EPYAFGLGKRPATDLYAFGLa 2185.14

Table 6.2: List of known crustacean neuropeptides.
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Figure 6.6: The heat map indicating the peptide
identifications in each of the organs. This heat map
was created after aligning each peak list with the
included peaks and using a 100 ppm error window for
identifications.
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Chapter Seven

Discovery of Prion Disease Biomarkers Using

MALDI-FTMS and Bioinformatics

The coauthors for this chapter are Allen Herbst and Judd Aiken from the
University of Wisconsin-Madison Department of Animal Health and Biomedical
Sciences, Sean Mcliwain and David Page of the University of Wisconsin-
Madison Departrﬁent of Biostatistics and Medical Informatics, and my professor,

Lingjun Li.
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7.1 Abstract

Methods of detecting prion diseases are limited to post-mortem assays for
protease- resistant prion protein. By utilizing mass spectrometry based protein
profiling and bioinformatics we present a method by which a pre-mortem test can
be developed using cerebrospinal fluid (CSF) and/or serum of animals infected
with prion diseases. Analysis of CSF from infected/uninfected hamsters is
carried out on a matrix assisted laser desorption/ionization — Fourier transform
mass spectrometer utilizing a novel pulse sequence for the analysis of multiple
masses simultaneously. Following mass spectrometric analysis, data is
deisotoped, calibrated, and classified by machine-learning algorithms identifying
differentially expressed proteins in infected or control samples. Finally, data is
displayed using software developed in house to illustrate differentially expressed
features. Using this strategy, we have been able to classify protein profiles from
prion-infected animals. These learning algorithms have identified several peaks,
which may be indicative of prion infection. Although these peaks have not been
sequenced and identified at the present time, they do provide a panel of putative
biomarkers that can be used to make more accurate predictions about sample
infection status. We continue to adapt and extend these methods using serum in

addition to CSF.

7.2 Introduction
Currently, a variety of diagnostic tests for animals infected with prion

diseases (or transmissible spongiform encephalopathies) is lacking and those
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that do exist do not always produce reliable results. Methods used now can

primarily only be performed post-mortem and use microscopic observation of
diseased brains and immuno-histochemistry focused on the prion protein itself.
Although the immuno tests are fairly good, it would be of great use to have an
ante-mortem method of diagnosis that could be performed on a bodily fluid that is
relatively easy to obtain. A test of this sort would be of great importance as it
would allow suspect animals and people to live while determining infection
instead of after death or surgery. Creating such a tool is based on the
hypothesis that a molecule, or a set of molecules, is present in infected animals
that can serve as a panel of indicative biomarkers. Once these indicators are
discovered, a diagnostic tool can be developed that is not only efficient and
accurate, but can also be performed on easily attainable samples.

Transmissible spongiform encephalopathies (TSEs) are a unique family of
neurodegenerative diseases of the central nervous system that are always fatal.
They are caused by the conversion of a normal céllular protein designated PrP¢
into an abnormal form of the prion protein PrPSe." 2 Of the various forms of prion
disease, those with the most impact upon human and animal health are
Creutzfeldt-Jakob disease (CJD), bovine spongiform encephalopathy (BSE),
scrapie and chronic wasting disease (CWD). The outbreaks of BSE and variant
CJD (vCJD) in the United Kingdom and worldwide, including the United States,
has prompted the need for rapid, reliable and inexpensive screening methods
that allow TSEs to be identified at both symptomatic and pre-symptomatic stages

in live animals. Current diagnostic tests for prion disease have, thus far, focused
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on detection of the causal agent of the disease, the abnormal prion protein,

or individual proteins that correlate with the neurological disease. These tests
are inadéquate because they are post-mortem, low throughput and not
sufficiently sensitive to detect infection early in the pre-clinical period. Clearly,
there is an urgent need for the development of a reliable, sensitive, and specific
ante-mortem diagnostic test for the pre-clinical identification of TSE-infected

animals or individuals.

Transmissible Spongiform Encephalopathies

The transmissible spongiform encephalopathies (TSEs) are an unusual
class of neurological diseases that include scrapie in sheep and goats, bovine
spongiform encephalopathy (BSE) in cattle, transmissible mink encephalopathy
(TME), and chronic wasting disease (CWD) in elk and deer. Human forms of the
disease include Creutzfeldt-Jakob disease (CJD), Gerstmann-Straussler-
Scheinker syndrome, fatal familial insomnia, and kuru.

TSEs are characterized by spongiform degeneration, reactive astrocytosis
and prion protein (PrP) accumulation in the central nervous system. An
extended incubation period of months to decades is characteristic of this group of
inevitably fatal diseases.® Clinical features of TSEs vary with host species but,
generally, clinically affected animals display pruritus, incoordination and ataxia.*
TSE-infected animals do not display clinical symptoms throughout the majority of
the incubation period despite the presence of high titers of the agent. Although

pre-mortem diagnostic tests for TSEs in the preclinical and early clinical stages of




256
disease are currently being developed and validated, it is not yet possible to

reliably identify animals with subclinical infections. TSEs were originally
designated as “unconventional” or “slow” viruses based on the inability to identify
a conventional virus and the long incubation periods associated with these
infections.® Subsequent hypotheses were developed that proposed that the TSE
agent consisted of an immunologically neutral (modified host) protein protecting a
nucleic acid core (i.e., a virion®). The extreme resistance of these agents to
ionizing and ultra-violet irradiation” ® combined with the inability to isolate a virus
or scrapie-specific nucleic acid® suggested, however, that TSE agents lacked a
nucleic acid genome. These data support the hypothesis that a protein with self-
replicating properties could be the TSE agent.'® Further support for the self-
replicating protein hypothesis came from studies that demonstrated the
sensitivity of the TSE agent to protease digestion while not being affected by
nuclease treatments.'” 2 These data led to the refinement and renaming of the
self-replicating protein hypothesis as the prion hypothesis, which stated, “prions
are small proteinaceous particles which are resistant to inactivation by most
procedures that modify nucleic acids”."® TSEs are characterized at the molecular
level by the accumulation of abnormal aggregated isoforms (PrPS") of the prion
protein (PrP) in affected animals (Figure 7.1). PrP is a 33-35 kDa protein
encoded by a single copy gene.' '® During the course of a scrapie infection,

PrP® undergoes a post-translational conformational conversion to disease-

specific isoforms (PrP®°) that have increased resistance to proteinase K
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digestion. In vitro cell culture studies have demonstrated that PrPC is the

precursor to PrPS¢.:2

Prion Diseases

Scrapie is the prototypic TSE disease affecﬁng sheep and goats. Scrapie
is endemic in the United States where there are approximately 40 confirmed
cases of scrapie per year (http://www.aphis.usda.gov). Bovfne spongiform
encephalopathy (BSE) was first described in Greét Britain in 1986 and has since
reached epidemic proportions. BSE is thought to originate by feeding cattle
either scrapie-infected sheep protein or cattle protein from a spontaneous case of
BSE, and was propagated by the practice of feeding cattle-derived proteins to
cattle. BSE has resulted in the confirmed infection of 180,880 cattle in Great
Britain since it was first diagnosed in 1985 (http://www.defra.gov.uk/animalh/bse
/statistics/bse/worldwide.htm). As of January 1, 2006, clinical cases of BSE have
also been reported in twenty-four other countries. A larger number of cattle have
been involved in the “over thirty months” scheme (OTMS). In this attempt to
further eradicate BSE, all cattle over the age of 30 months are culled and then
processed such that they do not enter the food chain. In Great Britain alone,
8,074,600 cattle have been culled in the OTMS. The average incubation period
of BSE is approximately 4 to 5 years, with clinical symptoms of head rubbing and
aggression.

A new human form of Creutzfeldt-Jakob disease, variant CJD (vCJD), has

been linked with exposure to the BSE agent."® Since first diagnosed in 1995 to
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early January 2006, there have been 153 definite and probable cases of

vCJD (Britain’s Department of Health monthly CJD statistics webpage:
http://www.dh.gov.uk/PubIicationsAndStatistics/PressReleases/PressReIéasesN
otices/fs/len?CONTENT_ID=4126119&chk=joOCEs). vCJD differs from other
forms of CJD and is characterized by large kuru-like amyloid plaques in the CNS,
early age of onset of clinical symptoms, with a mean age of 27, atypical
electroencephalogram readings, and a prolonged clinical stage of the disease."®
Lesion profile analysis, a method that assesses the severity of spongiform
change in defined regions of the brain, has demonstrated that BSE and vCJD
produce similar lesion profiles in mice that differ from other forms of CcJD.V As
with the other TSE diseases, there is no treatment for vCJD and it is always fatal.
Chronic Wasting Disease (CWD) was first identified in 1967 in captive
mulé deer'® and later in captive Rocky Mountain elk.' CWD has also been
detected in free-ranging populations of mule deer, white-tailed deer and Rocky
Mountain elk.2’ The prevalence of CWD in endemic areas in Colorado is about
15%.2! Although CWD can be transmitted horizontally in captive populations, it is
unknown how transmission occurs in wild populations. Since CWD's initial
identification, the disease has spread to game farms across the U.S. and Canada
and even as far as South Korea. With the spread of CWD within captive animals
the risk of accidental infection of wild animals increases. The development of a
sensitive pre-clinical diagnostic coupled with mandatory testing could help to

prevent the human assisted transmittance of prion disease.
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Health and Economic Impact of Prion Disease

Although the species barrier (the resistance to TSE infection by one
species following exposure to the TSE agent of another species) provides
significant protection from the interspecies transmission of prion disease, the
BSE epidemic and the resulting rise in vCJD illustrates the potential impact of
prion disease upon human and economic health. The ability of CWD to infect
~25% of cows during the first passage demonstrates a weak species barrier in
comparison to the levels of resistance found in other experimental interspecies
transmissions where no animals developed disease even after serial passage.
The cohabitation of TSE infected deer with beef and dairy cattle creates
thousands of natural interspecies transmission experiments. To the extent that
reservoirs of prion disease remain, prophylaxis with specific high throughput
ante-mortem diagnostic testing to identify and eliminate sources of infectivity will

prévent transmissions and help to ensure the safety of food and blood supplies.

Current Diagnostic Testing for Prion Disease and Its Limitations

Currently validated diagnostic tests for prion diseases are all post-mortem,
and all involve detection of abnormal accumulation of the prion protein in the
central nervous system. The “gold standard” in prion diagnostic testing is

immunohistochemistry utilizing anti-prion protein antibodies on the obex region of
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the brain.?? Drawbacks to utilizing immunohistochemistry on the obex include

the low throughput of samples and the necessity for post-mortem analysis. Other
antibody-based diagnostics, such as the Prionics or Bio-Rad tests, utilize a
Western Blot/ELISA approach. These diagnostics take advantage of the
protease resistance of the abnormal form of the prion protein. Despite the good
specificity of these tests, the sensitivity is so low that animals infected with prion
disease cannot be diagnosed until late in the pre-clinical period when sufficient
abnormal PrP has accumulated in brain tissue. A further limitation of post-
mortem diagnosis is the inability to monitor and track disease progression. The
ultimate goal should be the development of pre-clinical diagnostics that can
detect disease before potentially contaminated food or blood products enter the
market.

Surrogate markers of prion disease have been identified in patients
presenting clinical signs of CJD. Among these are the characteristic |
electroencephalogram pattern observed in CJD cases, the presence of central
nervous system-specific protein markers such as 14-3-3, tau, AB1.42,
apolipoprotein E, cystatin C**?” and neuron-specific enolase.?® ?*?° Despite
being secondary to post-mortem immunohistochemistry for diagnosis due to their
low specificity and sensitivity, these markers illustrate the biological response to

prion infection during clinical stage.
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Mass Spectrometry as a Tool for the Discovery of Diagnostic Biomarkers

Mass spectrometry has become an increasingly popular tool for protein
biomarker discovery due to its high sensitivity, speed, chemical specificity and
capability for complex mixture analysis. At the heart of this rapidly evolving
research area is the capability to characterize an ensemble of proteins expressed
in a tissue or secreted into body fluids. These new capabilities became possible
due to major innovations in ionization methodologies (matrix-assisted laser

30.31 and electrospray ionization®?, MALDI and ESI,

desorption/ionization
respectively). With these tools, mass spectrometrists could, for the first time,
convert condensed-phase peptides or proteins to intact gas-phase ions for mass
measurement. Coupled with the development of various mass analyzers,
tandem mass spectrometry (MS/MS) experiments can be conducted to produce

peptide ion fragmentation for subsequent m/z measurement — a process used to

derive amino acid sequence information.

Biostatistics and Biomarker Identification

Because of the large data set that is normally produced when searching
for biomarkers, it is usually necessary to employ biostatistics software to fully
interpret the data. The learning algorithms that we plan on using are the Naive-
Bayes algorithm, tree-augmented networks, support vector machines, and k-
nearest neighbor.>*3® The Naive-Bayes classifies depending upon features, but
the features are independent of each other (Figure 7.2A). Tree-augmented

networks are an extension of Naive-Bayes that learns correlations between
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features in a simple manner. Support vector machines map data into high

dimensional feature space and then a separating hyper-plane is identified to
classify further data (Figure 7.2B). Finally, k-nearest neighbor works also by
mapping data, but makes a classification based on k points closest to the
unknown sample. Each algorithm has its strengths and weaknesses. Finding a
stable algorithm that obtains the best accuracy using proteomic feature data
requires many cross-validation tests of a given proteomic dataset. By using
these and other similar algorithms, it is possible to use large data sets to predict

the status of a sample.

7.3 Methods
Sample Preparation i

Hamsters were orally inoculated with the 263K prion agent, while an equal
number of uninfected animals were kept as controls. CSF was drawn at 15, 18,
and 21 weeks after infection from both infected and uninfected animals.
Following collection, each sample was digested with trypsin overnight, spotted
three times and then each spot was analyzed three times using MALDI-FTMS
(see below for more information) resulting in nine spectra being produced for
each sample. This replication was necessary to increase the statistical accuracy

of our data analysis.
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MALDI-FTMS

The instrument used in this project was a matrix assisted laser
desorption/ionization — Fourier transform mass spectrometer, or MALDI-FTMS.
This instrument works by first spotting the sample onto a target along with a
small amount of matrix (a molecule that absorbs UV energy and passes it on to
the analytes). The matrix, in our case 2,5-dihydroxybenzoic acid (DHB), is then
allowed to cocrystallize with the sample before being placed into the instrument.
Then, the sample spot is irradiated using a nitrogen laser emitting light at 337
nm. The DHB absorbs this light and causes the analytes to enter the gas phase
and come away from the target (desorb) and be ionized (ionization). This is the

process known as MALDI. After being ionized, the ions are carried through a

quadrupole into an ion cyclotron resonance cell where all the ions gather in the
center in a cloud. Once the ions are in the cell, an RF scan is applied and the
ions are excited to a larger radius at their resonant frequency. Immediately
following the RF scan, and while the ions are still excited, they are detected and
produce a sinusoidal data set. This data is then Fourier transformed to produce

mass spectra that are understandable and usable.

Data Analysis

Because the data sets are so large, processing by hand is almost
impossible. Thus, we have made use of computers to run learning algorithms in
order to identify possible biomarkers in the spectra. In addition to processing

data, it is also useful to use computers to visualize the data in a more
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understandable manner. Software was designed in-house for the processing

and visualization of our unique data. The software identified unique peaks by
removing any masses below 500 m/z (in order to suppress matrix ion peaks) and
then is deisotoped with peaks lacking isotopic distribution being removed. The
data is then clustered into bins 100 ppm wide and then features identified based
on whether a peak exists within a bin or not. Using information gain, the top 25
peaks are then chosen, displayed, and used for further classification of data. To
classify data, several different machine learning algorithms are used. These
include k-nearest neighbor (kNN), Naive-Bayes, tree-augmented networks
(TAN), and support vector machines (SVM) (Figure 7.2). The Naive-Bayes
classifies depending upon features, but the features do not depend on each
other. The tree-augmented networks are an extension of Naive-Bayes that
learns correlations between features in a simple manner. Support vector
machines map data into high dimensional feature space and then a separating
hyper-plane is identified to classify further data. Finally, k-nearest neighbor
works also by mapping data, but makes a classification based on k points closest
to the unknown sample. By using these different classifying learning algorithms,
we have been able to attain better than chance prediction of submitted data.
While this is not perfect, we are well on our way to our goal of being able to

diagnose prion infection in suspect animals without using brain tissue.
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Mass Spec Data Miner for Data Analysis

There are many issues to consider when analyzing proteomic mass
spectrometry data for classification. Due to the large number of peaks detected
for a given sample, we need to reduce raw mass spectrometric data to a simple
set of features that are predictive of disease. We also would like to measure the
predictive accuracy of our whole method of pre-processing the mass spectra,
extracting features, feature selection, and training a classifier on the selected
features.

For comparing different approaches to feature extraction and feature
selection, we have constructed a software tool called Mass Spec Data Miner
(MSDM), which is available at http://www.cs.wisc.edu/~mcilwain/MSDM. MSDM
is a modular program that has four main constituents.

The (x,y)-preprocessor vector contains a list of modules that directly affect
the m/z, intensity data. Examples of these are the deisotoping algorithm and an
algorithm for cutting data points that have a m/z less than a certain value. The
MSDM contains a module that will extract features from the (x,y) data and a
feature processor vector that processes the extracted features. The fourth
module is the classifier module. Each module has a training method. The (x,y)
and the feature processors have a process method, the feature extraction
module has a convert method, and the classifier module has a classify method.
The processor modules are chained, so that the output of the previous module is

passed through as the input of the next module.
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The general MSDM algorithm is depicted in Figure 7.3. For the

training step, the MSDM modules train upon and process the data for the next
processor or converter. Each module retains information for processing future
data in the same manner. The classifier is then trained on the resulting feature
data set. Classification is done by passing the data through the trained modules’
process, convert, or classify methods. This allows for cross-validation to be
performed across the whole process and for full customizability. New processor,
converter, and classifier modules can be easily created, tested, and included into
the MSDM.

For processing preliminary mass spectrometry data set collected from prion-
infected and uninfected hamster CSF samples, we perform four main steps: (1)
Pre-process the m/z peak data; (2) Extract features that are (un)common across
spectra; (3) Pre-process the feature vector data; (4) Train and perform
classification using a number of different classification algorithms and scored
their accuracy including nearest neighbor (K = 1, 3, 5, 7), Naive Bayes, Tree-

Augmented Networks (TAN), and Linear SVMs.

7.4 Results
~ Positive Control

To show that the Mass Spec Data Miner is able to identify potential
biomarkers, as well as to determine the status of a sample, a positive control

study was carried out. Figure 7.4 shows the heat map of the positive control
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experiment. 24 samples were created from a mixture of 10° M peptide

standards: FMRFa (599 m/z), Angiotensin |l (1046 m/z), Vasopressin (1084 m/z),
Angiotensin | (1296 m/z), Substance P (1347 m/z), Somatostatin (1637 m/z), and
GAHKNYLRFa (synthesized, 1104 m/z). The synthesized peptide was only
included in 12 samples and served as a putative differentially regulated
biomarker for the Mass Spec Data Miner to identify. Black squares indicate the
absence of a peak while bIUe squares indicate the presence of a peak. Each line
represents a collection of 3 independently acquired spectra. Information gain is a
statistical metric that measures how well a given peak separates the data
according to their specific classification. Information gain values are calculated
from the accuracy, precision and recall of a given peak. In this case 1.0, the
maximum value, is assigned to the 1104 m/z (boxed in red on the left) because it
is the “spiked-in” synthesized peptide designed to be a perfect classifier of the
data. The other peptides that made up the spiked mixture have very low
information gain values as they are equally represented in both the seven and six
standard groups. It is noted that in addition to the peaks corresponding to the
peptide standards spiked in the mixture, there are also many other peaks
detected in the spectra, which resulted from impurities, matrix peaks and peptide
degradation/fragmentation products. After identifying the classifying feature such
as 1104 m/z peak, learning algorithms were used to determine the status of the
blinded data. As seen in Table 7.1, the positive control study demonstrates the
utility of our SpecPlot software to identify classifying features and then use them

to determine the status of a given sample.
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Infected vs. Uninfected

We analyzed 11 infected and 9 uninfected samples from the 18 week
timepoint and 8 infected and 9 uninfected from the 21 week timepoint. On
average we obtained very good scaling for each spectrum with peak numbers
exceeding 1000 for most samples. Unfortunately, both the uninfected (Figure
7.5 A) and infected (Figure 7.5 B) samples produce very similar sets of peaks.
The spectra below are unique as they highlight (double headed arrow) one of the
peaks that seems to indicate the presence of prion infection. This peak is not
definitive though as it is not always seen in the infected and occasionally appears
in the uninfected samples as is illustrated by a visualization of all of the data
(Figure 7.6).

Software was developed to visualize the large data set by horizontally
stacking each spectra. Although this does not necessarily highlight differences
between infected and uninfected samples, it can show these peaks once
identified and also help to identify outlier samples (Figure 7.6). The different
colors represent the intensity of the peaks with blue being more intense. While
intensity was not utilized as a distinguishing parameter for this study, it would be
possible in the future to include this information and thus possibly identify
features based on intensity changes as well as presence.

Along with the visualization software that has been developed is an
algorithm to pick out the top 25 peaks that are “somewhat” unique between

infected and uninfected spectra. These peaks are “somewhat” unique because




269
none of the peaks were identified in one infection status or the other. This

means that the peaks were never always excluded or always present from
infected or uninfected sample spectra. The visualization program, SpecPIot, also
allows us to compress the data for viewing purposes. By doing this and
combining all nine spectra, we are able to combine and view all the data for each
sample for the 25 identified peaks creating a "heat map" of peak occurrence
(Figure 7.7). In this case, the intensity of color is determined by the frequency
that the peak appears in those samples’ nine separate spectra. By performing
these operations, it is now relatively easy to identify peaks that could possibly be
used as classifying features.

After identifying peaks that could be used as classifying features,
algorithms were designed for diagnosing samples as infected or uninfected.
Because features are indefinite (i.e. “somewhat” characteristic), learning

algorithms were used to take all features into account when deciding whether a

sample was infected or not. Additionally, different algorithms use differing
methods of feature classification and therefore it was necessary to try multiple
algorithms to find which worked best. To test the algorithms, data that had
already been produced was blinded and classified by each algorithm. Most of
the algorithms show better than chance abilities in predicting the status of the
samples (Table 7.2). In the future, better sémple processing, before and after
MS analysis, could greatly improve the predictive abilities of the algorithms. By
trying other pre-processing, extraction, and classification methods, algorithms

could be improved greatly.
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ROC Curve

To further test the predictive ability of features using two of the best
performing learning algorithms, Naive-Bayes and SVM, we carried out further
statistics on each to produce a receiver operator characteristic (ROC) curve and
a precision vs. recall curve. To produce the ROC and precision vs. recall curves,
we adjusted the number of spectral votes required to consider a sample infected
or uninfected. For example, in our original testing, we used a majority vote to
determine infection status, i.e. if five out of the nine spectra per sample were

classified as infected, the whole sample would be classified infected, and vice

versa. In this case, we have adjusted those numbers and have asked what
would happen to our predictive ability if we only required four out of the nine to
calla sample infected (Table 7.3). Interestingly enough, we found that the
majority vote (at least 50% positives required) produced the best voting statistics
for both the Naive-Bayes ahd SVM trials (Table 7.3). Figure 7.8 shows an
example of the ROC and precision vs. recall curves produced for this analysis.
This figure shows the best resulfs for any of the methods tried and exhibits the

closest to optimum curve.

Peptide Identification
One other process that will also be carried out is the sequencing of the
unique peaks in order to determine their identity. The four most characteristic

peaks are very small in relation to other peaks (Figure 7.9). Due to the method
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of ion fragmentation (SORI-CID) and suppression from other more prevalent

peaks, sequencing will be very difficult. In order to carry this out, pooling and
HPLC fractionation will be necessary. Pooling and fractionation will increase the
amount of analyte present as well as simplify spectra and help eliminate
suppression effects. Once sequenced, it will be possible to create antibodies to
the classifying peptides and develop an immuno-based diagnostic tool for prion
diseases that does not require brain tissue and can be performed without killing

the suspect animal(s).

Future Work

In the future, because any resulting test will need to be as simple as
possible for clinical use, it may be necessary to switch to identification of
biomarkers from the serum instead of CSF. Obviously, doing this creates many
more challenges than it solves, and thus must be done with much forethought.
For example, serum contains a very large amount of albumin, which, if not dealt
with, will suppress all other peptide signals within a spectrum (Figure 7.10). As a
result, it will be necessary to remove the albumin and other highly abundant
proteins using one of the immunodepletion columns that is currently
commercially available today. Furthermore, by utilizing other known features of
the prion protein, i.e. its glycosylation characteristics, it may be possible to

identify biomarkers using these features and thus further the research.
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7.5 Conclusions

We have demonstrated a method by which biomarkers of prion disease
infection can be identified. Furthermore, we have shown that it is possible to
diagnose prion. infection without using brain tissue and thus allows for the
possibility of developing an antemortem test for larger animals (i.e. cattle,
cervids, etc.). In all, this research, while having many challenges before it, is
not only necessary, but through correct use of today’s technology, can be

successful, as we have demonstrated here.
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7.7 Figures

Figure 7.1: A. The normal a-helix rich form of the prion protein (PrPC). B. The
abnormal B-sheet rich form of the prion protein (PrP%°). C. How the PrPS°
aggregates to form amyloid fibrils. D. Image of human brain affected by Kuru
(another TSE disease similar to CJD) showing the spongiform morphology of

clinical prion diseases in the brain.
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Figure 7.2: An illustration of how the (A) Naive-Bayes and (B) Support Vector

Machine learning algorithms work.
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Data processors are chained together

Figure 7.3: Steps taken by the MSDM algorithm.
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Classifier Train Accuracy Test Accuracy Vote Accuracy
k-Nearest Neighbor 97.94 % 95.83 % 100 %
Naive-Bayes 98.25 % 95.83 % 100 %
Decision Tree 97.22 % 97.22 % 100 %

Table 7.1: Positive control study learning algorithm results.
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Figure 7.5: Example spectrum from (A) uninfected CSF sample, and (B)

infected CSF sample. Please note the peak at m/z 2734.315 that is the only

noticeable peak that is different from the infected to uninfected spectra. Although

this feature can be differentiated in these two spectra, it is not consistently

present in the infected or absent in the uninfected and is therefore can not be

used alone as an indicative feature, thus requiring the consideration of other

features as well.
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Figure 7.6: Visualization of all- hamster CSF spectra stacked using software

developed in-house. Colors represent intensity of peaks.
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Figure 7.7: Heat map of infected vs. uninfected samples compared against the
top 25 most indicative peaks. The absence of a peak is represented by black,
and the presence of a peak is indicated by blue, with brighter blue showing
higher frequency of presence. The information gain arrow indicates the

predictive ability of the peaks increasing from right to left.




Classification Algorithm | Accuracy | Vote Accuracy
kNN {k=1,3,5,7,9} 63% 75%
Naive-Bayes 67% 70%
Tree Augmented Networks 72% 75%
Support Vector Machines 66% 85%

Table 7.2: Classifying accuracy of different learning algorithms. Accuracy is

cross validation with one hamster left out while vote accuracy uses all nine

spectra per sample for a majority vote classification.
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Table 7.3: Comparison of the predictive ability of Naive-Bayes and linear
Support Vector Machines. Accuracy is a measure of how many of all the
predictions are correct (Accuracy = (TP+TN)/(TP+TN+FP+FN)). Precision is a
measure of how many of our predicted positives were actually positive (Precision
= TP/(TP+FP)). Recall is a measure of how many of the actual positives we
predicted (Recall= TP/(TP+FN)). Negative Accuracy is a measure of how many
of the actual negatives we predicted correctly (Negative Accuracy =
TN/(TN+FP)). F-score is a measure of the algorithm’s accuracy (F-score =
FP/(FP+TN)). False Positive Rate is a measure of how many false positives are
predicted (False Positive Rate = FP/(FP+TN)). Please note the linear support
vector machine at the 50% vote provides the highest indicative values for all
parameters. (red square).

TP = True Positive TN = True Negative

FP = False Positive FN = False Negative
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Figure 7.8: A and B. The receiver operating characteristic (ROC) curve for the

Naive-Bayes and linear support vector machine (Table 7.3) with the optimal

ROC curve shown in red. C and D. The precision vs. recall graphs of the same

with their optimal curves in red.
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Figure 7.9: Infected CSF spectra with four most diagnostic peaks expanded.
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Figure 7.10: Spectra from unprocessed hamster serum (A) and spectra from

hamster serum processed with albumin depletion column and C1g microspin

column (B).
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8.1 Introduction

Coming in to graduate school, | was not sure where my interests lie other
than to say they were in science. One thing | had realized early on was that it
was integrative sciences that would lead the way into the future, and thus | was
attracted to join the Pharmaceutical Sciences graduate program. | saw this
program as heavily involved in both biology and chemistry as well as how this
research applied to human issues. Furthermore, | could tell that the department
‘had ties across campus to the many other science departments, thus offering a
wide variety of opportunities to new graduate students. Initially, during my time
rotating in labs, | was interested in naturally derived products, but found that that
reséarch did not quite fit me as | had anticipated. It was not until Lingjun Li
joined the school as a new faculty member, and her research on the bioanalysis
of neuropeptides in crustaceans using mass spectrometry that | found an area
that | was truly interested in and where | could really apply myself. Therefore, |
joined her group and have been working in this area, as well as other applicable
areas, to work towards completion of my graduate requirements.

One of the things that caught my attention in Lingjun’s work was her use
of mass spectrometry for sample analysis. Coming from a small liberal arts
college that only had a GC-MS at the time | had very little previous exposure to
mass spectrometry but had done well in analytical chemistry. Consequently, |
was interested in this work and its application to biological problems. As | began
working in the lab, | was very quick to realize that | truly was enjoying the work

and thus joined the group. The things that appealed to me in Lingjun’s work
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were the use and application of mass spectrometry, the work with the

crustacean model nervous system, and the combination of the two to solve the
biological problems addressed in Lingjun’s research proposal. It was these
issues, the same reasons | had joined the Pharmaceutical Sciences graduate

program for, which eventually led me to succeed in Lingjun'’s group.

8.2 Projects
8.2.1 In-cell accumulation for the analysis of neuropeptides

| began my graduate work in the development of methods for the new
MALDI-FTMS that the School of Pharmacy had recently acquired. Because a
great deal of Lingjun’s work required the use of this instrument, my coworkers
and | worked hard to learn about this relatively new technology as well as
develop methods that we could directly apply to the work we were doing.
Through this process, | learned a great deal not only about MALDI-FTMS, but
also about all mass spectrometric methods and how they worked. Additionally,
at the same time, | began learning how to dissect the crabs used for our model
system (see Chapter two) as well as how to extract peptides from the organs and
prepare the samples for analysis. After developing a rather novel method with
the MALDI-FTMS in combination with our research on the crustacean nervous
system, we published our first paper in the October 2004 issue of Analytical
Chemistry on the use of In-Cell Accumulation for the analysis of neuropeptides

by MALDI-FTMS (see Chapter Three).
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8.2.2 Identification of prion biomarkers using MALDI-FTMS and

bioinformatics

While performing this method development, our lab was approached by
Allen Herbst and Judd Aiken of the Animal Health and Biomedical Sciences here
at the University of Wisconsin-Madison. At the time, they were looking for a
collaboration with a bioanalytical mass spectrometry lab to assist them in their
work with prion diseases. Specifically, they had hypothesized the existence of a
prion disease biomarker that could be used to identify infected animals prior to
clinical signs appearing. To address this problem, we began by using the
cerebrél spinal fluid from hamsters (our model system) infected and uninfected
with the prion protein. Obviously, because of the technical challenges involved
with the analysis of CSF, we were forced to develop methods for preparing the
samples for MS analysis. After creating a set of methods that worked well for our
task, we analyzed the samples and created a great amount of data. Because so
much data was collected, we were required to use bioinformatics methods of
data processing and analysis. Through this need, we began collaborating with
Sean Mcllwain and David Page of the Department of Biostatistics here at the
University of Wisconsin-Madison. To process our data as well as utilize the
information gained, we developed a bioinformatics software package that
enabled us to manage large data sets and distinguish possible biomarkers from
infected and uninfected samples (see Chapter Four). By using these features
and training several learning algorithms, we could make predictions about

infection that were eventually better than 90 % precise. As a result of this




296
research, we have not yet published, but plan to in the near future (see

Chapter Seven) as well as carrying on with the research towards new and
possible methods of biomarker identification. To assist us in the future, we have
used the information we have gathered to submit a R21 grant proposal to the

NIH in hopes of obtaining funding.

8.2.3 Comparative peptidomics of multiple crustacean species

During the initial stage of method development, | was afforded the
opportunity to visit one of our collaborators at the University of Washington-
Seattle to learn more dissection and about where many of our samples were
originating. While there, | was exposed to the incredible crustacean diversity
contained in the marine ecosystem there and began thinking about a way to
incorporate that diversity into some of the work we were doing in Wisconsin. As
é result of this, Lingjun and |, together with our collaborator in Washington,
designed a project whereby we would analyze a peptide rich organ in a variety of
species using mass spectrometry. The aim of this research was to examine a
variety of species from many of the crustacean species families and determine
similarities and differences between them. By understanding the variations and
resemblances, we hope to gain some knowledge about how the peptides and
peptide families diversified through speciation. To do.this, our collaborators
collected thoracic ganglia from a variety of species and shipped them to us for
analysis. We then extracted the peptides, HPLC fractionated the extracts and

analyzed each of the fractions using MALDI-FTMS. As this project carried on,
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we did narrow down the scope of the species examined but at the same time

increased the impact of the research through the incorporation of bioinformatics
to assist in the data processing. | had realized the utility of the tool we had
developed in the prion biomarker investigation and through work with Sean
Mcllwain and David Page, adapted the program to work with this crustacean data
and assist in comparing and contrasting the peptidomes of the species surveyed.
This was done by creating a heat map of known crustacean peptides contained
in each species peak list and comparing it to those identified in other species.
After producing a fair amount of data, and coming to conclusions from .this work,
we have written and submitted a manuscript to the Journal of Proteome
Research and are currently awaiting response on regarding publication (see

Chapter Five).

8.2.4 Distribution of peptides in organs of C. borealis using MALDI-TOFTOF and
bioinformatics

While the comparison of the peptidomes of multiple species is informative,
we were also interested in the peptide distribution in the nervous system and
neurosecretory organs of one species. As Cancer borealis is one of the main
crustacean model systems in use today, we focused on the elucidation of peptide
distribution in this species organs. To do this, we collected tissue from ~25
animals, created extracts from all the organs, and then HPLC separated them.
To analyze these fractions, we utilized a MALDI-TOFTOF made available to us

through the Biotechnology Center here at the University of Wisconsin-Madison.
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We used this instrument for its relative high mass accuracy as well as its high

throughput nature and were thus enabled to collect all of our data in a matter of
hours (compared to the days/weeks required for MALDI-FTMS analysis).
Following data collection, we again used our bioinformatics software program to
process the data and identify peptides present in each of the organs’ peak lists.
This work produced some interesting results and equally remarkable conclusions
regardihg peptide distribution in the crustacean nervous system and its pbtential
correlation to specific function of peptides (see Chapter 6). As of yet, we have

not published this work but plan to do so in the near future.

8.2.5 Other projects

Beyond these projects, | have also been highly involved in many of the
other projects in the Li Lab. Of note is the mass spectrometry imaging project
and paper that resulted. For this project, | was involved in many aspects of the
method development including the mounting of the tissue to the MALDI plate and
the application of the matrix to the tissue. This project eventually resulted in a
May 2007 publication in the Journal of Proteome Research. Another project |
have played a part in the identification of peptidomic differences between fed and
unfed crabs. | have primarily been responsible for the dissection of crabs but
have also been involved in the process of sample preparation and data
processing. Although this work has not yet produced publishable work, | am sure
it will in the near future. These are only two of the projects | have directly worked

on in the Li Lab, but as a senior lab member | have also taught many newer
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students crustacean dissection, operation of the MALDI-FTMS instrument,

and consulted with them in the execution of their own projects. Therefore, my
role as a senior lab member has given me the opportunity to contribute in many

aspects of the research that has been going on in the Li Lab.

8.3 Future Work
While | will be leaving and not continuing this work, | do have some insight

in the direction | believe these projects should continue.

8.3.1 Prion biomarker identification

| see many ways that this research could be continued and possibly
strengthened. Obviously one way to improve upon what we have already
gathered is to begin the process of identifying some of the classifying features.
This would mean sequencing the putative peptide biomarkers and then
identifying the protein they are derived from. Unfortunately, this will be very
challenging as the relative abundance of these features is very low when
compared to the majority of other peaks in the samples. To resolve this dynamic
range and analyte suppression issue, HPLC separation and multi-dimensional
fractionation would be needed as well as sample sizes increased to allow for
adequate injection volumes. Another direction that should not be ignored is that
of possible glycosylation of biomarkers. It is known that the PrPC itself is
glycosylated and that the pattern and degree of glycosylation change when being

converted to PrPS°, so it may be worthwhile to take this into account when
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attempting to identify possible biomarkers. Using this knowledge to enrich

samples for glycosylated peptides and/or separating the samples based on
glycosylation are just two of the many ways this knowledge could be used to our
advantage. Already some of this work has begun in our lab and will hopefully
greatly benefit the future of this research. In general, while this work has come a
long way since we began four years ago, it still has a great deal to go to achieve
the aims we originally set out to attain. Fortunately, there are many directions

available for this research, all of which hold promise to future investigators.

8.3.2 Muiltiple crustacean peptidomics

This research has been one of my favorite interests as | have truly
enjoyed the contact with the diversity presented by crustaceans in the Puget
Sound region of Washington State. While | have performed something never
done before, there is so much more that could be done in the future. As one
example, my investigation was focused on the peptidomes of crustaceans from
one family, but there are several families available for collection if necessary. |
believe it would be truly worthwhile to invesﬁgate the peptidomes of species from
each of the families that can be collected. This would provide even more
evidence for how peptide families diversified through speciation. Furthermore, as
is evidenced in my discovery of two novel peptides, there is certain to be a
plethora of currently unknown peptides with equally unknown functions. Through
a broader survey of species, many advances in understanding peptide family

diversification and how speciation occurred could be gained.
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8.3.3 Crustacean tissue-specific peptide expression and distribution

In the process of performing this research, | have.started on what may be
one of the most scientifically interesting projects of my graduate career. By
analyzing the peptidome of each nervous system or neurohemal organ, | have
laid the groundwork for a more thorough understanding of how peptides are
distributed among these organs and thus how the potential function of a specific
peptide might be involved in the organs’ function. One area that needs to be
explored is the identification of previously undiscovered peptides in the fractions |
have already collected from each of the organs. It may be thought that because
C. borealis is one of the most popular and well-studied crustaceans for nervous
system investigations that all the peptides have been identified, but this is not
true. While processing the data from these samples, | was quick to realize that
there are a great number of peptides that have never been described before in
any crustacean. | am sure that my colleagues will use this information to begin
identifying and characterizing these new peptides in the future. Furthermore,
another very interesting direction this work could follow is a more definitive
peptide map among whole systems, such as the stomatogastric nervous system
(STNS). As with the brain and PO, this could be performed by MS imaging of an
intact STNS or a thoracic ganglia. | have already attempted this using our
MALDI-FTMS, but was unable to produce adequate signal required for this work.
In the future, with the development of advanced MS imaging methods though,

this work could provide excellent results and further enlighten researchers on
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how peptides are distributed among the nervous system. Finally, although

we have investigated a majority of the nervous system and neurohemal organs,
there are those that we have not surveyed at all. At some point, the inclusion of
these organs into such research would extend the information that has already

been gathered.

8.4 Parting Remarks

Overall, my time in graduate school has seen me grow as a séientist and a
person. | have been so fortunate to have wonderful mentors throughout,
especially my professor Lingjun Li. She has fostered in me what it takes to be
successful in science and | hope to reflect that as | continue on in my scientific
life. As one of the first Li Lab members, | feel | have helped lay some of the
groundwork for how this lab operates and succeeds. | am sure that in the future,
| will return and find it continuing to produce quality work with high impact and
proliferating beyond what | remember. Furthermore, | will look back on my time
in this lab as the time when | grew and learned the most and developed into the

scientist | am.
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